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Vertical Block Copolymer Cylinder-Nanorod Self-Assembly
Abstract
The properties of polymer nanocomposites (PNCs) depend on the position and orientation of
nanoparticles in the polymer matrix. Improved control over nanoparticle position and orientation in PNCs
would result in PNCs with improved properties. A powerful approach to controlling nanoparticle position
and orientation in PNCs is nanoparticle-block copolymer (NP-BCP) self-assembly. NP-BCP self-assembly
with spherical nanoparticles has been extensively studied. However, NP-BCP self-assembly with
anisotropic nanoparticles is less well understood. In this work we study the position and orientation of
nanorods in self-assembled nanorod-BCP nanocomposite films. More specifically we study films
consisting of polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) and gold nanorods (AuNRs)
functionalized with P2VP. When the films are solvent annealed the PS-b-P2VP assumes a morphology of
vertical P2VP cylinders in a PS matrix. Relatively short AuNRs are found to localize at the base of the
vertical P2VP cylinders with their axis parallel to the substrate. Simulations showed that the AuNRs
relieved chain stretching at the base of the cylinders. Studies were done with longer 70 nm and 101 nm
long nanorods. The 70 nm nanorods were distributed between three states at the film surface. The three
states were the bridging state, the centered state and the vertical state. The bridging state is where the
AuNR is embedded in the film surface, the AuNR long axis is parallel to the film surface and each end of
the AuNR is at the top of nearest neighbor P2VP cylinders. The centered state is where the AuNR is
embedded in the film surface, the AuNR axis is parallel to the film surface, and the AuNR is centered over
a single vertical P2VP cylinder. The vertical state is where the AuNR is localized within a vertical P2VP
cylinder, is vertically oriented and has its tip at the film surface. The 101 nm long AuNRs were distributed
between the bridging and vertical states at the film surface. The experimental results were compared to
hybrid particle-field theory (HPFT) calculations of the system free energy. Further, HPFT simulations were
used to understand the block copolymer morphology when a 101 nm long AuNR was in the bridging state.
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ABSTRACT

VERTICAL BLOCK COPOLYMER CYLINDER-NANOROD SELF-ASSEMBLY
Boris Rasin
Russell J. Composto
The properties of polymer nanocomposites (PNCs) depend on the position and
orientation of nanoparticles in the polymer matrix. Improved control over nanoparticle
position and orientation in PNCs would result in PNCs with improved properties. A
powerful approach to controlling nanoparticle position and orientation in PNCs is
nanoparticle-block copolymer (NP-BCP) self-assembly. NP-BCP self-assembly with
spherical nanoparticles has been extensively studied. However, NP-BCP self-assembly
with anisotropic nanoparticles is less well understood. In this work we study the position
and orientation of nanorods in self-assembled nanorod-BCP nanocomposite films. More
specifically we study films consisting of polystyrene-block-poly(2-vinylpyridine) (PS-bP2VP) and gold nanorods (AuNRs) functionalized with P2VP. When the films are
solvent annealed the PS-b-P2VP assumes a morphology of vertical P2VP cylinders in a
PS matrix. Relatively short AuNRs are found to localize at the base of the vertical P2VP
cylinders with their axis parallel to the substrate. Simulations showed that the AuNRs
relieved chain stretching at the base of the cylinders. Studies were done with longer 70
nm and 101 nm long nanorods. The 70 nm nanorods were distributed between three states
at the film surface. The three states were the bridging state, the centered state and the
vertical state. The bridging state is where the AuNR is embedded in the film surface, the
AuNR long axis is parallel to the film surface and each end of the AuNR is at the top of
v

nearest neighbor P2VP cylinders. The centered state is where the AuNR is embedded in
the film surface, the AuNR axis is parallel to the film surface, and the AuNR is centered
over a single vertical P2VP cylinder. The vertical state is where the AuNR is localized
within a vertical P2VP cylinder, is vertically oriented and has its tip at the film surface.
The 101 nm long AuNRs were distributed between the bridging and vertical states at the
film surface. The experimental results were compared to hybrid particle-field theory
(HPFT) calculations of the system free energy. Further, HPFT simulations were used to
understand the block copolymer morphology when a 101 nm long AuNR was in the
bridging state.
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CHAPTER 1: Introduction
1.1 Background
Polymer nanocomposites (PNCs) consist of a polymer matrix containing
nanoparticles. PNCs are very promising materials as incorporating nanoparticles into a
polymer can lead to the resultant composite material having improved properties relative
to the neat polymer (e.g, mechanical properties1). Further, the composite material can
have properties not present in the neat polymer (e.g., response to a stimulus2).
Alternatively, PNCs can be viewed as a promising route to taking advantage of the
unique properties of the large and growing array of nanoparticles that have been
synthesized.3-5
The properties of PNCs depend on the position and orientation of the
nanoparticles in the polymer matrix. For example, if gold nanorods (AuNRs) are
dispersed in a polymer film, the film's optical properties are different than if they are
aggregated.6 One could also envision that if metal nanoparticles could be positioned in a
polymer matrix such that they formed a chain of separated nanoparticles this would be a
means of fabricating nanoparticle chain waveguides.7
Nanoparticle-block copolymer self-assembly is a powerful and versatile approach
to control nanoparticle position and orientation in a polymer matrix.8-9 Block copolymers
are polymers consisting of chemically distinct polymers (blocks) (Figure 1.1).
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Figure 1.1. Structure of different types of BCPs. Figure reproduced from Hoheisel et
al.10

Going forward we will only consider linear A-B diblock copolymers as this is the
block copolymer architecture used in this thesis. Linear A-B diblock copolymers consist
of a chain of polymer A bound at the end to a chain of polymer B (Figure 1.1). The
strength of segregation between the two blocks in a BCP melt depends on χN, the product
of the Flory-Huggins interaction parameter (χ) and the degree of polymerization of the
BCP (N).11 The structure assumed by a linear diblock copolymer depends on χN and the
volume fraction of one of the blocks, f (Figure 1.2).10-11 At a given f, if χN is low enough
the BCP will be disordered.10-11 If χN is increased sufficiently the BCP microphase
separates into an ordered morphology.10-11 Thus, depending on χN and f the BCP assumes
a spherical, cylindrical, gyroid, or lamellar morphology.10-12
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Scp: hcp spherical
S: bcc spherical
C: cylindrical
G: gyroid
O70: Fddd
L: lamellar

Figure 1.2. A-B diblock copolymer phase diagram calculated from self-consistent field
theory. Figure reproduced from Matsen.12

Nanoparticle-block copolymer self-assembly is implemented by solvent or
thermal annealing a PNC consisting of nanoparticles (NPs) in a BCP matrix. Generally,
the goal for self-assembly is as follows. The NPs in the BCP are functionalized such that
they have a neutral or favorable enthalpic interaction with one of the blocks and an
unfavorable enthalpic interaction with the other block. Upon annealing the BCP will form
one of the BCP morphologies described earlier. Simultaneously, the NPs localize in the
domains formed by the block with which the NPs have a neutral or favorable enthalpic
interaction with. The localization of the NPs in specific domains is used to control their
position and orientation.
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The thermodynamic contributions which determine the BCP nanocomposite
structure are the BCP chain conformational entropy, the NP ligand conformational
entropy, the NP translational entropy, the NP orientational entropy, the enthalpic
interaction between the two blocks, the enthalpic interaction between the nanoparticle
and each block, the enthalpic interaction between the substrate and each block, the
enthalpic interaction between the substrate and the NP ligand, the enthalpic interaction
between air and each block, and the enthalpic interaction between air and the ligand on
the NP.9, 13-14 Further, if, for example, a nanorod has a permanent dipole moment it will
drive nanorod aggregation via dipole-dipole coupling.15
Much success has been achieved in the localization of NPs in specific BCP
domains.8 However, the full picture is much more nuanced than simply the localization of
NPs in specific domains to control NP position and orientation. NPs can affect the
morphology of the BCP. For example, NPs can localize at the interface between domains
and if their concentration becomes sufficiently high induce a transition from a lamellar to
a bicontinuous morphology.16 NPs can also affect the BCP morphology by causing
decreasing grain size with increasing NP concentration.13 Further, NPs have been shown
to affect the types of grain boundaries present in a BCP.17 Conversely, the same study
showed that NPs can localize at grain boundaries.17 Krook et al. showed that when the
nanoplate volume fraction in a lamellar nanocomposite becomes sufficiently high
lamellae do not form.18
NP behavior when localized in BCP domains is also complex. For example, it has
been shown that NP position in a lamellar domain depends on the ratio of NP diameter to
the domain width and also on NP concentration.19 Listak et al. showed that PS
4

functionalized gold nanoparticles aggregated in the PS domains of lamellar polyisopreneblock-polystyrene-block-polyisoprene but were dispersed in the PS domains of lamellar
polystyrene-block-polyisoprene-block-polystyrene.20 Deshmukh et al. showed that
nanorods localized in lamellar domains did not assume all orientations allowed by the
width of the domain with equal probability.21 Instead due to the conformational entropy
penalty associated with the nanorod being tilted away from parallel to the lamellae plane,
the angle between the nanorods and the lamellae plane was tightly distributed around
0º.21

1.2 Dissertation Outline
The objective of this thesis is to understand the polymer physics underlying the
position and orientation of nanorods in vertical cylinder diblock copolymer films. Films
of polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) and AuNRs functionalized with
a short P2VP brush were prepared and solvent annealed. Upon solvent annealing the PSb-P2VP assumes a morphology of vertical P2VP cylinders in a PS matrix. Experiments
were guided by and compared to simulations. This work advances the field as the studies
in this thesis are to our knowledge the first examples of the self-assembly of vertical
block copolymer morphologies with anisotropic nanoparticles. The effect of nanorod
dimensions is studied. Further, in this work we find that the AuNRs do not simply
localize in the P2VP cylinders with their long axis parallel to the cylinder axis. For the
shortest AuNRs studied the nanorods assume a different well defined state, while for the
intermediate and long AuNRs studied while vertically oriented AuNRs localized within
vertical P2VP cylinders are observed at the film surface, this state is in coexistence with
5

other well defined states. Our studies of this complex behavior improve the
understanding of the complex behaviors that can arise in BCP-NP nanocomposites.
Chapter 2 is a review of the literature on anisotropic NP-BCP self-assembly.
Literature on the self-assembly of nanorods and nanoplates with BCPs is reviewed. In
Chapter 3 the position and orientation of relatively short AuNRs functionalized with
P2VP in vertical cylinder PS-b-P2VP nanocomposites is studied. Experiments reveal that
the AuNRs are localized at the base of the vertical P2VP cylinders and are oriented
parallel to the substrate. Simulations suggest that the AuNRs localize at the base of the
vertical P2VP cylinders to relieve chain stretching. Simulations also predict that longer
AuNRs will localize in vertical P2VP cylinders and will be vertically oriented. In Chapter
4 the position and orientation of relatively longer AuNRs functionalized with P2VP in
vertical cylinder PS-b-P2VP films is studied. Two sizes of nanorods are used, 101 nm in
length and 70 nm in length. The 70 nm nanorods are much longer than the nanorods in
Chapter 3. Also, the PS-b-P2VP films in Chapter 4 are much thicker. We find that the
101 nm nanorods are found in two states at the surface of the vertical cylinder films, the
bridging state and the vertical state. The 70 nm nanorods are found in the bridging,
centered and vertical states at the surface of the films. Experimental results are compared
with system free energies calculated with HPFT simulations. Further, the BCP
morphology when a 101 nm nanorod is in the bridging state is calculated with HPFT
simulations. In Chapter 5 we describe the conclusions of this thesis and future work.
Appendix A contains additional figures and information for Chapter 4.
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CHAPTER 2: Anisotropic Nanoparticle-Block
Copolymer Self-Assembly
2.1 Introduction
Many aspects of the self-assembly of block copolymers (BCPs) and spherical
nanoparticles have been studied.1-2 Examples of aspects of spherical nanoparticle-BCP
self-assembly that have been examined are nanoparticle size3-4, nanoparticle
concentration3, block copolymer architecture5, the interaction between nanoparticles and
defects6, specific nanoparticle ligand-block interactions7, and nanoparticle ligand surface
energy8. The self-assembly of anisotropic nanoparticles with block copolymers has been
less studied but is a growing area of research. Here we review studies of nanorod-block
copolymer self-assembly and nanoplate-block copolymer self assembly.

2.2 Review of Nanorod-Block Copolymer Nanocomposites
Deshmukh et al. studied lamellar polystyrene-block-poly(methyl methacrylate)
(PS-b-PMMA) films containing polyethylene glycol functionalized gold nanorods.9 The
gold nanorods had a diameter of 12.6 nm and a length of 42.1 nm. The polyethylene
glycol ligands on the gold nanorods had a molecular weight of 5000 g/mol. The
molecular weight of the PS-b-PMMA was Mw = 211,000 g/mol. Nanocomposite films
were processed via solvent annealing. The solvent annealed films had a lamellar
morphology with the lamellae parallel to the substrate. The polyethylene glycol
9

functionalized gold nanorods were found to be localized in the PMMA lamallae and
oriented parallel to the lamellae plane (Figure 2.1). Furthermore, it was found that the
AuNRs were aligned to a greater extent than would be expected if they were simply
restricted by the dimensions of the PMMA domain. It was proposed that the
conformational entropy penalty associated with the nanorod being tilted away from
alignment was the cause of the extent of nanorod alignment.

Figure 2.1. A lamellar PS-b-PMMA film with the lamellae parallel to the substrate and
polyethylene glycol functionalized gold nanorods localized within the PMMA domains
and aligned parallel to the domains. Figure reproduced from Deshmukh et al.9
Thorkelsson et al. studied bulk nanocomposites of polystyrene-b-poly(4vinylpyridine)(3-pentadecylphenol)n (PS-b-P4VP(PDP)n) and NRs.10 n is the number of
PDP molecules divided by the number of pyridine groups. PDP molecules hydrogen bond
to the pyridine groups on the P4VP chain resulting in the formation of a supramolecular
coil-comb BCP. Two different NRs were used. The first was CdS NRs with dimensions
10

of ~ 3-4 nm × 32 nm and a NR-NR interaction of 223 meV when the NRs are positioned
side-to-side (a nm × b nm indicates a nanorod with a diameter of a nm and a length of b
nm). The second type of NR used was CdSe NRs with dimensions of ~ 3 nm × 25 nm and
a NR-NR interaction of 30 meV when the NRs are positioned side-to-side. The ligands
on both the CdS and CdSe NRs were alkylphosphonic acids. Nanocomposites were
prepared by the slow evaporation of a PS-b-P4VP(PDP)n/NR solution. Nanocomposites
consisting of PS(40,000 g/mol)-b-P4VP(5600 g/mol)(PDP)1, which has a lamellar
morphology, and CdSe nanorods were studied. The CdSe NRs were located in the
P4VP(PDP)1 domains and had random orientations. Nanocomposites consisting of the
lamellar PS(40,000 g/mol)-b-P4VP(5600 g/mol)(PDP)1 and CdS NRs were studied. The
NRs were found to form rafts that were located at the center of P4VP(PDP)1 domains.
Nanocomposites of PS(19,000 g/mol)-b-P4VP(5200 g/mol)(PDP)3, which has a
morphology of PS cylinders in a P4VP(PDP)3 matrix, and CdS NRs were studied (Figure
2.2a). The CdS NRs were located in the P4VP(PDP)3 matrix, were oriented parallel to the
PS cylinders, and were positioned at the interstices in between the PS cylinders (Figure
2.2b). Nanocomposites of PS(116,000 g/mol)-b-P4VP(4,000 g/mol)(PDP)3 and CdS NRs
were studied. Nanocomposites of PS(116,000 g/mol)-b-P4VP(4,000 g/mol)(PDP)2 and
CdS NRs were studied as well. The supramolecule for these two nanocomposites has a
morphology of P4VP(PDP)n cylinders in a PS-rich matrix. NRs were localized in the
P4VP(PDP)n cylinders forming tilted and twisted rafts. Nanocomposites of PS(116,000
g/mol)-b-P4VP(4,000 g/mol)(PDP)1, which forms a morphology of P4VP(PDP)1 spheres
in a PS matrix, and NRs were also studied. Both CdS NR and CdSe NR nanocomposites
were studied for this supramolecule.
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Figure 2.2. (a) TEM image of a PS-b-P4VP(PDP)n nanocomposite with a supramolecule
morphology of PS cylinders in a P4VP(PDP)n matrix containing CdS nanorods. (b)
Diagram of the nanocomposite system. Figure reproduced from Thorkelsson et al.10
In a different study, Thorkelsson et al. studied thin PS(19,000 g/mol)-bP4VP(5200 g/mol)(PDP)1.7 films containing NRs.11 The structure of nanocomposite films
containing either 4.5 nm × 20 nm CdSe/CdS seeded NRs, 6.0 nm × 40 nm CdSe/CdS
seeded NRs, or 4.8 nm × 60 nm CdS NRs was examined. The ligands on the NRs were
alkylphosphonic acids. For each of the three NRs the volume fraction of NRs in the film
was varied from 1% to 10%. Nanocomposite films were processed by solvent annealing
and the PS-b-P4VP(PDP)1.7 had a morphology of PS cylinders in a P4VP(PDP)1.7 matrix.
When the shortest NRs, the 20 nm long NRs, were incorporated into the supramolecule at
a volume fraction of 10% it was found that the NRs were localized within the
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P4VP(PDP)1.7 matrix at a variety of angles between the NR long axis and the adjacent PS
cylinders. It was also found that the NR volume fraction did not substantially affect grain
size. For the 40 nm long NRs, at volume fractions of 1%, 3% and 6% NRs were located
in the P4VP(PDP)1.7 matrix with their long axis parallel to the adjacent PS cylinders. At a
volume fraction of 3% NRs were positioned end-to-end in the P4VP(PDP)1.7 matrix.
When the volume fraction was increased to 10% NRs were positioned side-to-side.
Further, it was found that grain size decreased with increasing NR volume fraction. At
volume fractions of 1% and 3%, the longest NRs, the 60nm NRs, were localized within
the P4VP(PDP)1.7 matrix and their long axis was parallel to the adjacent PS cylinders.
Further, at a volume fraction of 3% the NRs were positioned end-to-end. At volume
fractions of 6% and 10% NRs were positioned side-to-side. Grain size was found to
decrease as NR volume fraction was increased.
Ploshnik et al. studied thin nanocomposite films consisting of PS-b-PMMA and
CdSe NRs.12 The PS-b-PMMA had Mn = 895,000 g/mol with a PS wt % of 29.6. The PSb-PMMA had a morphology of PS cylinders in a PMMA matrix. CdSe NRs were
functionalized with thiol terminated polystyrene. The thiol terminated PS had Mn = 2600
g/mol or Mn = 3500 g/mol. CdSe NRs of the following dimensions were used: 4.6 nm ×
33 nm, 3.8 nm × 21 nm, 3.9 nm × 11 nm. The nanocomposite thin films were spin-coated
from solutions consisting of PS-b-PMMA and PS functionalized CdSe NRs in toluene on
hydrophilic silicon wafers. The nanocomposite thin films were processed via solvent
annealing in chloroform. Nanocomposite PS-b-PMMA films containing 4.6 nm × 33 nm
CdSe NRs that were spin-coated from .25 PS-b-PMMA wt % solutions were studied
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(Figure 2.3). The nanocomposite films had an NR volume fraction of .36 and were 10
nm-20 nm thick. The nanocomposite films had a PS-b-PMMA morphology that could be
interpreted as either parallel cylinders or vertical lamellae. CdSe NRs were observed at
the surface of PS domains and were parallel to the surface. The long axis of the CdSe
NRs was perpendicular to the axis of the PS domain. Nanocomposites prepared with a
volume fraction of 0.20 of 3.8 nm × 21 nm CdSe NRs and nanocomposites prepared with
a volume fraction of 0.15 of 3.9 nm × 11 nm CdSe NRs were also studied. For the 3.9 nm
× 11 nm NRs, the NRs were found to assume a variety of angles relative to the PS
domain axis with peaks in the angle distribution near 0º (parallel) and 90º
(perpendicular). Nanocomposites consisting of PS-b-PMMA with a volume fraction of
0.36 of 4.6 nm × 33 nm CdSe NRs were spin-coated from 0.50 PS-b-PMMA wt %
solutions. The 4.6 nm × 33 nm NR nanocomposites described earlier had the same
volume fraction of NRs but were spin-coated from 0.25 PS-b-PMMA wt % solutions.
The 4.6 nm × 33 nm NR PS-b-PMMA nanocomposites spin-coated from the 0.50 PS-bPMMA wt % solutions had a film thickness of 30 nm. The NRs in these nanocomposites
formed three dimensional aggregates.
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Figure 2.3. (Left) SEM image of a PS-b-PMMA nanocomposite film containing a
volume fraction of 0.36 of 4.6 nm × 33 nm CdSe NRs and spin-coated from a 0.25 PS-bPMMA wt % solution. (Right) Histogram of angles between the nanorod long axis and
the PS domain axis. Figure reproduced from Ploshnik et al.12

2.3 Review of Nanoplate-Block Copolymer Nanocomposites
Krook et al. studied nanocomposite films consisting of PS-b-PMMA and
GdF3:Yb/Er (20/2 mol %) nanoplates.13 The nanoplates were rhombic with dimensions
22 nm (diagonal 1) by 35 nm (diagonal 2) by 3 nm (thickness). The nanoplates were
functionalized with phosphoric acid terminated polyethylene glycol (Mn = 5000 g/mol).
The PS-b-PMMA had Mn = 38,000 g/mol-b-36,800 g/mol and a lamellar morphology.
Nanocomposite films were processed via thermal annealing at 190 ºC. The volume
fraction of nanoplates was varied. Nanoplates were found to localize in PMMA lamellae
and were aligned for the lowest nanoplate volume fractions (Figure 2.4). When the
nanoplate volume fraction was increased regions where the lamellar morphology formed
but no nanoplates were present were observed. In other regions nanoplates were present
but no lamellar formation was observed. When the nanoplate volume fraction was
15

increased further, the lamellar morphology was not observed and nanoplates were
unaligned.

Figure 2.4. TEM image of a PS-b-PMMA lamellar film containing GdF3:Yb/Er (20/2
mol %) nanoplates functionalized with polyethylene glycol. The nanoplates are localized
within the PMMA domains and aligned. The volume fraction of nanoplates is 0.017.
Figure reproduced from Krook et al.13

2.4 Conclusions
Additional papers of interest can be found in the following references: nanorods1415

, nanoplates16. A potential future direction for anisotropic NP-BCP self-assembly is to

develop methods of increasing anisotropic NP volume fraction without preventing the
BCP from ordering or substantially reducing the BCP grain size. Another interesting
future direction is studying anisotropic NP localization at the interface between domains.
The localization of spherical NPs at the interface between domains has been studied
extensively. On the other hand there are no current studies on anisotropic nanoparticle
16

localization at the interface between BCP domains. Lastly, the studies of anisotropic
nanoparticle BCP self-assembly that have been conducted all use linear diblock
copolymers or linear diblock copolymer-like supramolecules. Exploring the selfassembly of anisotropic nanoparticles with block copolymers of other architectures could
lead to a better understanding of anisotropic NP-BCP self assembly and to improved
nanocomposite materials.
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CHAPTER 3: Dispersion and Alignment of
Nanorods in Cylindrical Block Copolymer Thin
Films
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3.1 Abstract
Although significant progress has been made in controlling the dispersion of
spherical nanoparticles in block copolymer thin films, our ability to disperse and control the
assembly of anisotropic nanoparticles into well-defined structures is lacking in comparison.
Here we use a combination of experiments and field theoretic simulations to examine the
assembly of gold nanorods (AuNRs) in a block copolymer. Experimentally, poly(219

vinylpyridine)-grafted AuNRs (P2VP–AuNRs) are incorporated into poly(styrene)-b-poly(2vinylpyridine) (PS-b-P2VP) thin films with a vertical cylinder morphology. At sufficiently
low concentrations, the AuNRs disperse in the block copolymer thin film. For these dispersed
AuNR systems, atomic force microscopy combined with sequential ultraviolet ozone etching
indicates that the P2VP–AuNRs segregate to the base of the P2VP cylinders. Furthermore,
top-down transmission electron microscopy imaging shows that the P2VP–AuNRs mainly lie
parallel to the substrate. Our field theoretic simulations indicate that the NRs are strongly
attracted to the cylinder base where they can relieve the local stretching of the minority block
of the copolymer. These simulations also indicate conditions that will drive AuNRs to adopt
a vertical orientation, namely by increasing nanorod length and/or reducing the wetting of the
short block towards the substrate.

3.2 Introduction
Polymer nanocomposites are versatile hybrid materials utilized in applications
ranging from environmental (e.g., light-weighting vehicles) to biomedical (e.g., drug
delivery). In part, this versatility originates from the breadth of particle properties, such as
optical, electronic and magnetic, and shapes, such as spheres, cubes and rods that are now
accessible.1–5 The coassembly of spherical nanoparticles in block copolymers (BCPs) has
been of great interest since the seminal theoretical and experimental studies by Balazs,
Thomas, Russell, Kramer, Pine and others.6–11 Whereas the spatial distribution of spherical
nanoparticles in BCPs has received much interest, the full spectrum of heterogeneous
materials accessible by combining the versatility of BCP morphology with nanoparticle
shape is only beginning to be resolved. In particular, recent studies of anisotropic
20

nanoparticles, namely nanorods (NRs) in homopolymer12–16 show that dispersion and
alignment can be controlled by grafting brushes to the NR surface resulting in a tunable
structure–property (optical) relationship. Presently, the breadth of studies of NR assembly in
BCPs is rather limited,17–29 and in particular interactions between NRs and defects in BCPs
have not been explored.
A powerful and versatile approach for ordering NRs in BCP nanocomposites, which
we use in this work, is to prepare BCP NR nanocomposites and thermally or solvent anneal
them. This approach has been employed extensively in previous work. Composto et
al. studied the self-assembly of poly(ethylene glycol) (PEG) functionalized gold NRs
(AuNRs) in poly(styrene)-b-poly(methyl methacrylate) (PS-b-PMMA) lamellae.22 The
AuNRs localized in the PMMA domains and were oriented parallel to the lamellar planes.
Xu et al. studied the self-assembly of alkyl phosphonic acid capped NRs in BCP-based
supramolecules.17,25 The supramolecule was poly(styrene)-b-poly(4-vinylpyridine) (3pentadecylphenol)r (PS-b-P4VP(PDP)r) which has a coil-comb structure and both bulk and
thin film nanocomposites were investigated.17,25 In bulk nanocomposites where the PS-bP4VP(PDP)r had a morphology of P4VP(PDP)r cylinders in a PS matrix, NRs were localized
within the P4VP(PDP)r cylinders forming rafts.25 In nanocomposites where the
supramolecule morphology was PS cylinders in a P4VP(PDP)r matrix, NRs were positioned
in the matrix at the interstitial sites between the PS cylinders oriented with their long axes
parallel to the PS cylinders.25 In their study of thin film PS-b-P4VP(PDP)r/NR
nanocomposites Xu et al. investigated the structure of films where the supramolecule had a
morphology of PS cylinders parallel to the substrate in a P4VP(PDP)r matrix.17 Xu et
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al. showed that NRs could be aligned end-to-end in the P4VP(PDP)r matrix parallel to PS
cylinders.17 Banin and Shenhar et al. investigated the self-assembly of polystyrene
functionalized NRs on thin PS-b-PMMA films.19,26 They showed the selective localization of
NRs on top of PS block stripes with the NRs being oriented perpendicular to the PS/PMMA
interface.19,26 Shenhar et al. studied the structure of PS-b-PMMA nanocomposite films
containing PEO functionalized nanospheres and NRs.24 It was shown that NRs can affect the
BCP morphology differently from nanospheres.24 Lo et al. investigated nanocomposites of
pyridine functionalized Fe2P NRs and lamellae forming poly(styrene)-b-poly(2vinylpyridine) (PS-b-P2VP).23,28 In these two studies the effect of NR length, NR
concentration and BCP molecular weight on the nanocomposite structure was examined.
Using roll casting, Swager and Thomas et al. prepared polystyrene-b-polyisoprene-bpolystyrene films containing PS-grafted poly(p-phenylene-ethynylene) that locate in the
cylindrical PS domains.30 The PS cylinders were oriented parallel to the substrate and the PSgrafted poly(p-phenylene-ethynylene) molecules were aligned within the cylinders.30
Nanoparticles in BCPs can affect microstructure defects. For example, Xu et
al. showed that nanoparticle volume fraction can affect grain size and Listak and Bockstaller
demonstrated that the presence of nanoparticles in a lamellar BCP can increase the fraction of
tilt grain boundaries which are T-junction grain boundaries.17,31 The study by Listak and
Bockstaller also showed that NP position can be affected by defects in the
microstructure.31 For example, they showed that NPs aggregate at specific positions of Tjunction grain boundaries to relieve chain stretching. Furthermore, Listak and Bockstaller
propose that the position of nanoparticles in BCP thin films could be controlled by
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introducing high-stress defects at desired positions along the film. In this work NR position
and orientation in BCP thin films is determined by defects in vertical BCP cylinders. To our
knowledge our study is the first to control the position and orientation of anisotropic
nanoparticles in BCPs using microstructure defects.
While there have been several simulation studies of NRs in homopolymers,32–
34

computational and theoretical studies of NR assembly in a BCP have been limited due to

the NRs' slow dynamics and the difficulty in equilibrating BCPs using particle-based
simulations. Although polymer field theory is an attractive approach to study BCP
morphology, including anisotropic nanoparticles in the calculations is computationally
demanding, and therefore previous studies have generally been limited to two dimensions.
For example, Balazs et al. used the self-consistent field theory/density functional theory
(SCFT/DFT) approach to simulate a BCP system with nanorods.35 Their results showed that
the distribution of the NRs in the lamellar and cylindrical phases can be controlled by varying
NR composition and aspect ratio. However, this study assumed a uniform and static
orientation of nanorods, and all simulations were performed using the mean-field
approximation. Separately, Tang and Ma used the hybrid particle field theory (HPF) and
found that the morphology of the phase separated BCP matrix depends not only on the BCP
composition but also the volume fraction and aspect ratio of the NRs.36
Recently, we have developed a method to incorporate nanoparticles directly into the
field theoretic simulation approach37–39 using a generic framework that can in principle be
applied to any nanoparticle shape. The method is very closely related to the hybrid particle
field theory method of Sides et al.,40 but in our approach the nanoparticles are traced through
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the particle-to-field transformation along with the polymeric components. Importantly, we do
not have to include any additional density functional theory terms in our model to capture
correlations between the particles. This allows us to relax the main assumption present in
SCFT (the mean-field approximation), which we have shown has implications on the
distribution of NRs in a lamellar-forming BCP.37
In this manuscript, we use a combination of experiments and field theoretic
simulations to examine the location of NRs dispersed in defect-containing, vertically-oriented
cylinder forming BCP thin films. Experimentally, we employ P2VP-grafted AuNRs mixed
with PS-b-P2VP having a P2VP volume fraction of 0.28. Solvent annealing in chloroform is
used to create vertically oriented P2VP cylinders in 63 nm films. Because P2VP chains
preferentially wet the oxide substrate, defects form near the substrate where the vertical
P2VP cylinders transform into a planar wetting layer parallel to the substrate. We find that
the P2VP–AuNRs remain well dispersed and form few and small aggregates at a volume
fraction of 0.25 vol%. Using ultraviolet ozone (UVO) etching combined with atomic force
microscopy (AFM), the location of the NRs are shown to correlate with the P2VP cylinders
and locate near the substrate suggesting that the NRs segregate towards the interface.
Whereas transmission electron microscopy (TEM) confirms that NRs correlate with the
P2VP cylinders, these top-down micrographs also show that a majority of the AuNRs align
parallel to the substrate (i.e., perpendicular to the P2VP cylinders) and appear individually or
in small aggregates. Using parameters that mimic experiments, field theoretic simulations
indicate that a combination of the wetting properties of the substrate and NR geometry both
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play a key role in determining the location of the NRs. Furthermore, simulations suggest that
vertical orientation of NRs can be achieved by increasing the length of the AuNR.

3.3 Experimental Materials and Methods
The NRs were synthesized with reagents obtained from Sigma Aldrich. Poly(2vinylpyridine) thiol (P2VP–SH, Mn = 2500 g mol−1) and PS-b-P2VP (Mn = 180 kg mol−1-bMn = 77 kg mol−1) PDI 1.09, volume fraction P2VP 0.283 was purchased from Polymer
Source. The seeded growth method was used to synthesize the AuNRs.41,42 A 40 mL solution
of 0.1 M hexadecyltrimethylammonium bromide(CTAB) was prepared and to it was added
1.7 mL of 0.1 M HAuCl4·3H2O, 0.25 mL of AgNO3, 0.27 mL of ascorbic acid, and 0.42 mL
of a gold seed solution which was followed by at least 3 hours of incubation at a temperature
of 40 °C. The nanorod dimensions were determined with TEM and the average AuNR
diameter and length were 7.9 nm and 28.4 nm respectively, an aspect ratio of 3.6. To remove
excess CTAB the NR solution was centrifuged two times (30 minutes, 10 000 RPM each
time). Mn = 2500 g mol−1 P2VP–SH was dissolved in ethanol to prepare a 2 mL 2 mM
solution and to it 0.3 mL of highly concentrated AuNRs was added. The resulting solution
was stirred for more than 12 hours. The solution was then centrifuged (20 minutes, 10 000
RPM), the supernatant was removed, and the AuNR were moved to methanol. The AuNR in
methanol were then centrifuged, the supernatant was removed, and the AuNR were moved to
tetrahydrofuran (THF). Only several percent of the synthesized nanoparticles were not
nanorods. The grafting density of P2VP–SH on the AuNR was 0.86 chains per nm2.14
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Nanocomposite films were prepared on silicon substrates cleaned with Piranha
solution (80 °C, 30 min). (Caution: Piranha solution is prepared with 30 vol% H2O2/70 vol%
H2SO4 and should be handled with extreme care under fumehood!) 1 wt% solutions of
P2VP–AuNR:PS-b-P2VP in THF were prepared and spin-coated at 2000–3000 RPM for 60
s. The thin films were dried in a vacuum for 6 hours. The average film thickness was 63 nm
as measured with ellipsometry. BCP nanocomposite films with 0.25, 0.8, and 1 volume
percent AuNR were prepared.
BCP nanocomposites were characterized with TEM (JEOL JEM 2010 at 200 kV) by
picking up nanocomposite films with TEM grids (Electron Microscopy Sciences) after they
were floated off the silicon substrates with a pH 10 basic solution. ImageJ was used to
determine the number of dispersed individual nanorods.43 AFM (Picoplus, Agilent
Technologies) characterization was done in tapping mode.

3.4 Field Theoretic Simulations
To sample the equilibrium distributions of NRs in a BCP confined between planar
walls, we adopt a recent extension of polymer field theory that enables a general study of
polymer nanocomposites, which we refer to as polymer nanocomposite field theory, PNCFT. Here we recount the key details and refer the interested reader to ref. 37 for the complete
derivation and demonstration of the method. Our model includes A–B BCPs modeled as
discrete Gaussian chains discretized into N interaction sites with a composition fA = NA/N.
Experimentally the AuNRs are highly functionalized with P2VP thiol, which presumably
prevents strong NR–NR interactions and allows the P2VP–AuNRs to have an overall neutral
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interaction with the P2VP. Therefore, in our field theoretic model, we treat the NRs as
chemically identical to the A block of the BCP without explicitly modeling the grafted chains
on the surface of the nanorods. In the experiments, the length of the P2VP blocks is much
longer than the grafted P2VP chains, and in the thermodynamics of grafted nanoparticles in
homopolymers it is known that under these conditions a homopolymer melt can dewet the
brush layer, leading to nanoparticle aggregation,44–46 though recent simulations and
experiments challenge the assumed relationship between these phenomena.47 Our assumption
of modeling the nanoparticles as bare nanoparticles and the importance of autophobic
dewetting in block copolymers will be addressed in a forthcoming publication.
The interactions between the A and B segments are taken through a standard Flory
repulsive potential governed by χAB, and we assume that our melt is weakly
compressible.48 The energy penalty against density fluctuations away from the average
density ρ0 is taken as

(1)

where ζ controls the compressibility of the system, and the sum over i goes over the A and B
blocks of the copolymer, the NRs, and the density profile associated with the confining walls.
The density of the wall acts as a cavity function to exclude the polymer segments, and the
walls will be used to impart confinement onto our systems.49 Rather than the standard
treatment of the polymer segment densities as point particles, following previous work,50–
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we use polymer segments that have their mass distributed over unit Gaussians.

Importantly, we have shown37,39 that a similar treatment can be applied to nanoparticles using
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the cavity functions commonly employed in the hybrid particle/field theory methods,38,40 and

where Γ(r, u) is the

so the total nanoparticle density is given by

density distribution function that describes the shape of a NR with orientation u. Our choice
for Γ(r, u) is given by

(2)

where L and R are the length and radius of the NR, respectively, and ξ is a numerical
parameter that quantifies the range over which the density of the nanoparticle smoothly
changes from ρ0 to 0. The density profiles associated with the confining walls are given by
masking functions of the form49

(3)

where |z| is the distance from r in the simulation box to the z = 0 plane, corrected for periodic
boundary conditions, and Lw is the total thickness of the wall. This creates a wall with two
surfaces on either side of the simulation box in the z-direction.
The interactions between the polymer segments and the nanoparticles are decoupled
using formally exact Hubbard–Stratonovich transformations, which leads to a system with
the canonical partition function
(4)
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where z0 contains the normalization factors (e.g., the factors of n!, the thermal de Broglie
wavelength, etc.).

is the effective Hamiltonian of the system, and is given by

(5)

Here, κ = χAB + 2ζ, QD is the partition function of a single BCP chain, and wA and wB are the
chemical potential fields experienced by the A and B segments of the diblock copolymer,
respectively, defined as wA = (h * [iw+ − w−])(r) and wB = (h * [iw+ + w−])(r). Here, the
asterisk indicates a convolution and h(r) is a unit Gaussian that distributes the mass of a
statistical segment over a finite volume, which serves to both regularize the theory against
ultraviolet divergences50,51 and give positional correlations to the polymer segments.38 The
chemical potential field wR(r, u) is the field experienced by the NRs given by
(6)
and we note that the orientation dependence of wR only arises through the orientation
dependence of the density distribution function Γ; there are no specific anisotropic
interactions between the NRs.
The single-chain partition function QD is calculated as

(7)

where qD(r, j) is the chain propagator, constructed by iterating the Chapman–Kolmogorov
equation
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(8)
subject to the initial condition qD(r, j = 1) = e−wA(r) and where K is either A or B depending
on whether segment j is an A or B segment. In eqn (8), Φ(r) is the normalized bond transition
probability.
Finally, QR is the NR partition function defined as

(9)

where u is a unit vector that points along the length of the NR, and the integral over

is

over all possible NR orientations.
The theory described here is evaluated at two levels. Most of the results presented
below are from sampling the fully-fluctuating field theory using complex Langevin (CL)
simulations53,54 where the fields are evolved according to

(10)
where η(r, t) is a purely real Gaussian white noise term whose statistics are chosen to satisfy
the fluctuation dissipation theorem. The CL equations were discretized in time and evolved
using a first-order semi-implicit algorithm55 with a time step of λ±δt = 10−5, and our CL
results were averaged over 50 000 iterations of eqn (10). We emphasize that the “time”
variable in eqn (10) does not represent a physical time, and integrating eqn (10) does not lead
to realistic dynamics in our system.
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The second level on which we will evaluate our theory will be to study systems
containing a single NR where we wish to precisely control its position and orientation. To
achieve this, we will adopt the hybrid particle/field theory method40 with a NR described by
the density distribution function given above in eqn (2). The hybrid particle/field theory
calculations will treat the chemical potential fields w± at the mean-field level, and the meanfield solutions are obtained by evolving eqn (10) without the noise term.
All of the calculations presented below use the simulation parameters χN = 20, κN =

40, f = NA/(NA + NB) = 0.3, a polymer density

, where

is the

BCP's unperturbed radius of gyration, and the NR volume fraction was held constant at ϕR =
0.5%. One of the goals of our work will be to explore the role of the surface selectivity
towards the majority (B) block of the BCP, and the interactions with the wall were controlled
by adding an additional term S(r) to the chemical potential field experienced by the B
segments, wB(r) → wB(r) + S(r), where
S(r) = λw

w,l(r).

(11)

Here, λw is the strength of the repulsion from the surface experienced by the B segments, and
the subscript l on

w,l

indicates that the wetting is only applied to the lower surface in our

simulation box; the top surface remains neutral. For all calculations presented below, Awetting surfaces are modeled with λw = 6 and neutral surfaces use λw = 0. In all of our
calculations, the thickness of the film between the surfaces was fixed at 5.3Rg. Our simulation
box dimensions were 10.1 × 8.7 × LZRg, and the number of collocation points used to resolve
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our field theory was fixed at M = 38 × 36 × 21. Finally, in order to calculate the NR partition
function, we employ a Gaussian quadrature where we discretize the integrals over the
spherical angles θ and ϕ into Nu and 2Nu sites, respectively, with Nu = 12; we have previously
shown that Nu = 12 is sufficient to achieve converged results in simulations using this
model.38

3.5 Results and Discussion
A. P2VP–AuNRs in PS-b-P2VP Thin Films
The dispersion of P2VP-grafted AuNRs in films (63 nm) is studied as a function of
AuNR volume fraction immediately after spin coating from the THF solution. Figure
3.1 shows TEM images of the P2VP–AuNRs (dark) in the PS-b-P2VP where the P2VP
domains are circular (light) at volume fractions ranging from 1 to 0.25 vol%. At 1 vol%,
large aggregates are observed with very few isolated AuNRs (Figure 3.1a). As the volume
fraction is reduced to 0.8 vol%, aggregate size decreases but a majority of AuNRs remain in
aggregates. As noted by the circles in Figure 3.1a and b, many of these aggregates consist of
side-by-side bundles of AuNRs. This side-by-side arrangement was previously observed for
identical P2VP-grafted AuNRs dispersed in P2VP homopolymer (5 kg mol−1) films due to
depletion attraction forces.14 Figure 3.1c shows that as the AuNR volume percent decreases to
0.25, the AuNRs appear well dispersed as mainly individual AuNRs.
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Figure 3.1. TEM images show the as-cast PS-b-P2VP films (63 nm) as a function of the
volume percent of AuNRs (a) 1.0, (b) 0.80, and (c) 0.25. The circles denote the side by
side arrangement of AuNRs in aggregates at 1 and 0.80 vol%. At 0.25 vol%, the AuNRs
are well dispersed with a majority of individual AuNRs. The discrete white regions
represent the P2VP minority domains in the as-cast film.
For PS–AuNR:PS and P2VP–AuNR:P2VP homopolymer matrices, aggregated and
dispersed morphologies were distinguished by the fraction of isolated NRs viewed in TEM
images.14,15 For these homopolymer matrices, aggregation was defined as fewer than 50%
individual nanorods. Using a similar approach, the fraction of isolated AuNRs at 1, 0.8 and
0.25 vol% are 12.4%, 18.7% and 67.5%, respectively. Although the criterion for AuNR
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dispersion in homopolymer was set at 90%, most of the aggregates at 0.25 vol% consist of
pairs of nanorods, and few large aggregates are observed. Therefore, for the P2VP–
AuNR:PS-b-P2VP case, we consider the NRs to be dispersed in 63 nm films with 0.25 vol%
AuNRs. The remainder of this paper will focus on P2VP–AuNR assembly at this
concentration.
Figure 3.2 shows the AFM topography (left column) and phase (right column)
images of P2VP–AuNR:PS-b-P2VP films after spin-coating from THF solution (a and b) and
after solvent annealing in chloroform for one hour followed by UVO etching (c–j). THF is a
good solvent for both the PS and P2VP blocks. Wang et al. spin-coated 300 nm thick films of
PS-b-P2VP onto silicon from THF solution, where the PS-b-P2VP had P2VP as the minority
block and the block copolymer was cylinder forming (volume fraction P2VP = 0.233),56 and
SEM of their as spin-coated film appears to show a mixture of parallel and perpendicular
cylinders. This would suggest that the raised circular features in our AFM of the as-cast
P2VP–AuNR:PS-b-P2VP are poorly ordered vertical cylinders, with some horizontal
cylinders.
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Figure 3.2. AFM topography (a, c, e, g, i) and phase images (b, d, f, h, j) of P2VP–
AuNRs at 0.25 vol% in the PS-b-P2VP films. After spin coating from THF, the
morphology of the dried film (63 nm) is shown in (a and b). The morphology after 1 hour
solvent annealing and drying is shown in (c and d). This film is then exposed to UVO
treatment for 5 min (e and f); 10 min (g and h); and 15 min (i and j). The average film
thicknesses are 63, 63, 47, 32, and 17 nm, respectively. In the AFM images, the scale bar
is 200 nm. The Z-scale is 15 nm and the phase scale is 10°.
The as-cast films were then solvent annealed in chloroform, which is a good solvent
for both P2VP and PS blocks. As reviewed in a recent perspective,57 solvent annealing can
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lead to a rich variety of film morphologies independent of the bulk equilibrium morphology.
It was recently demonstrated for PS-b-P2VP films as thick as 600 nm on silicon that solvent
annealing in chloroform results in a vertical cylinder morphology.58 Figure 3.2c and d show
that a hexagonal-like array of circular features appears on the surface of the P2VP–
AuNR:PS-b-P2VP film after solvent annealing suggesting the formation of a hexagonal
vertical cylinder morphology. Based on the copolymer composition, the lower features in the
topographic image (Figure 3.2c) are identified as the cylindrical P2VP minority phase,
whereas the higher regions represent the majority PS matrix. The phase image in Figure
3.2d supports this interpretation. Line scans across topographic images (e.g., Figure 3.2c)
were performed to quantify the dimensions of the vertical cylinder morphology. The average
height difference between the lower P2VP cylinders and higher PS matrix is 4.5 nm,
whereas, the average center-to-center spacing between the vertical cylinders is 91 ± 7 nm.
Cylinder forming PS(50 kg mol−1)-b-P2VP(16.5 kg mol−1) films show a similar height
difference of 2 nm.58 Note that in both the as-cast (Figure 3.2a and b) and solvent annealed
(Figure 3.2c and d) images, AuNRs are not observed on the surface or near the surface
indicating that AuNRs are below the surface.
To reveal the location of the AuNRs, the P2VP–AuNR:PS-b-P2VP film solvent
annealed in chloroform (e.g., Figure 3.2c) was etched using UVO and then characterized by
AFM. As shown in Figure 3.2e, after a 5 min exposure to UVO, the P2VP microdomains are
higher (lighter) than the surrounding PS matrix (darker). Line scan analysis shows a height
difference of 2.0 nm, whereas ellipsometry shows that the average thickness decreases from
63 to 47 nm. The inversion of height between the P2VP cylinders (i.e., from low to high or
dark to light in Figure 3.2c and e, respectively) and the PS matrix suggests the etching rate of
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PS is faster than P2VP. Notably, after etching, higher (Figure 3.2e) circular regions emerge
that coincide with the locations of the P2VP cylinders, suggesting that we are able to uncover
the AuNRs with etching. After another 5 min UVO treatment on the same film (Figure 3.2g
and h), the height difference between the higher P2VP domains and the PS matrix increases
from 2.0 nm after 5 min to 4.5 nm after 10 min. The average film thickness after 10 min of
etching is 32 nm which is approximately half the original film thickness and comparable to
the length of the AuNRs. The P2VP domains remain circular and in a hexagonal array
consistent with vertical cylinders. Similar to the 5 min etching case, high features that colocate with the P2VP domains appear in the topography image (Figure 3.2g). Although
statistics are limited, there appears to be an increasing number of rods closer to the substrate
in the height image, although contrast in the phase image is not readily observed in Figure
3.2h. After another 5 min of UVO treatment (15 min total, Figure 3.2i and j), the film
thickness decreases to 17 nm, which is less than the AuNR length of 28 nm. Moreover, the
P2VP cylinders are now approximately 7.0 nm higher than the PS matrix. Although high
regions are observed after 15 minutes of etching, the identification of the AuNRs is difficult
because of the high surface roughness. In summary, AFM imaging combined with UVO
etching suggests that NRs locate in the P2VP domains and locate preferentially near the
substrate. Furthermore, AFM imaging indicates that the P2VP vertical cylinders extend from
the surface to a depth of at least 46 nm (63–17 nm) below the surface.
To complement AFM imaging combined with UVO etching, TEM was used to
provide top-down images of the P2VP–AuNR:PS-b-P2VP structure through the film
thickness. Figure 3.3 shows TEM and AFM images for the P2VP–AuNR:PS-b-P2VP after
solvent annealing (top) and after solvent annealing followed by 15 min UVO etching
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(bottom). The images are plotted with the same scale bar of 200 nm for ease of
comparison. Figure 3.3a shows light circular features of the P2VP domains in a hexagonallike pattern. The AFM image in Figure 3.3b (bottom) and line scan (top) show that the P2VP
domains are 4.5 nm below the PS matrix indicating that the contrast in Figure 3.3a results
from a height difference. The AuNRs are reasonably well dispersed and, more importantly,
more than 90% locate within the P2VP domains (white) in agreement with the observation
from AFM/UVO etching experiments. A significant and somewhat surprising finding is that
a majority of the AuNRs lay parallel to the substrate. Although a small percentage of AuNRs
may indeed lie vertically within the vertical cylinders (red circles), further studies are needed
to determine if these are indeed AuNRs or spherical impurities. As shown in Figure 3.3c, the
TEM image after 15 min UVO exposure shows dark circular features (i.e., the negative
of Figure 3.3a). Figure 3.3d shows the AFM image (bottom) and line scan (top) where the
P2VP domains are now higher (by ∼7 nm) than the PS matrix. Therefore the darker domains
also result from height contrast whereby the higher P2VP cylinders scatter electrons more
strongly than the surrounding PS. As in Figure 3.3a, the AuNRs mainly lie parallel to the
substrate. Although heat and radiation can cause the AuNRs to reshape,59 the UVO treatment
used in this study did not result in reshaping as supported by the fixed value of the aspect
ratio, 3.6.
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Figure 3.3. TEM and AFM topography images of P2VP–AuNRs(0.25 vol%):PS-b-P2VP
films after solvent annealing (a and b) and after solvent annealing followed by 15 min of
UVO treatment (c and d). The light circular regions in (a) correlate with the low P2VP
domains in (b). Correspondingly, the dark circular regions in (c) correlate with the high
P2VP domains in (d). Importantly, a majority of the AuNRs lie parallel to the substrate.
A minority of AuNRs (red circles) may be vertically oriented. The scale bars are 200 nm.
On the basis of the previously described AFM and TEM analysis, we propose that the
NRs preferentially locate at the base of the P2VP cylinders, which splay out to allow the
P2VP block to wet the underlying substrate. This hypothesis is supported by the results from
our CL simulations where A NRs are distributed in an A-cylinder forming AB diblock
copolymer placed on an A-wetting substrate with a wetting parameter λw = 6, which causes
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the minority block to preferentially wet the underlying substrate. Figure 3.4a shows the
average density of the A block (blue) of the BCP as well as the regions that have a high
concentration of the NRs (black) for vertical A cylinders against an A-wetting substrate. The
thickness and lateral dimensions are normalized by the radius of gyration, Rg, of the diblock
copolymer and approximately correspond to experimental values of the P2VP–AuNR:PS-bP2VP system. The A domains become wider near the base in order to partially wet the
underlying substrate. Although this captures the asymmetry of wetting of PS at the surface
and P2VP at the substrate, it fails to capture the complete wetting of the P2VP block against
the oxide. Vertically-oriented cylinders were unstable for substrate conditions that lead to a
stronger asymmetry in the wetting. For the NR diameter and length in our system, CL
simulations show that the NRs predominantly segregate to the base of the A cylinder.
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Figure 3.4. (a–d) Isosurface plots of the local density of the A-block of the diblock
copolymer at various values of the wetting parameter λw and NR dimensions Rp and Lp.
The x-, y-, and z-positions are normalized by the radius of gyration Rg of the simulated
polymer. The color bars indicate the local volume fraction of the minority block of the
diblock copolymer, while the black isosurfaces indicate regions with an average nanorod
density greater than five times the average. (e)–(h) Distributions of the centers of mass of
the NRs corresponding to the adjacent images. The NR center density ρNR,c(z) is obtained
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by integrating the nanorod density operator over all possible orientations and is defined
in eqn (12).
We calculate the distribution of the NRs through the thickness of the film by
integrating the density operator38 over the plane of the film and all possible orientations of the
nanorods,
(12)

Figure 3.4e shows the distribution of the nanorods' centers of mass as a function of depth in
the film, and essentially all of the NRs locate near the A-wetting substrate. We calculate the
fraction of the NRs with their center of mass beyond 2Rp of the surfaces and denote this as fv,
the number fraction of vertically oriented NRs. On the A-wetting substrates shown in Figure
3.4a, we find that essentially all of the NRs segregate to the base of the cylinders (fv = 0).
Both the experimental and simulation results showed that a majority of NRs locate near the
base of the cylinders when the BCP is deposited on a surface that is preferentially wet by the
minority component of the BCP.
In contrast, when the substrate is neutral towards both blocks (λw = 0), the NRs are
much more likely to be found in a vertical orientation, (Figure 3.4b), and the fraction of
vertical rods increases to fv = 41%. However, even though more NRs are driven into the
cylinders, a significant fraction (59%) lies near and parallel to the top and bottom surfaces.
Note that the NR distribution shown in Figure 3.4f reflects both the redistribution of NRs and
their symmetry with respect to both interfaces. In addition to assisting with interpreting
experimental studies, our CL model is a powerful tool for guiding future experiments; in
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particular, the model can suggest experimental parameters that enhance the fraction of
vertically oriented NRs by varying the dimensions of the rods. For example, if we fix the
length of the NR while increasing the radius from 0.35Rg to 0.42Rg, we find that the fraction
of vertically oriented rods increases from 41% to 81%, as shown in Figure 3.4c and g.
Alternatively, Figure 3.4d and h show that if NR radius has an intermediate value of Rp =
0.39Rg while increasing the NR length from Lp = 2.7Rg to Lp = 5.3Rg, nearly 100% of the
NRs locate in the cylindrical domains and orient vertically with respect to the substrate.
Our hybrid particle/field theory simulation results shed light on the thermodynamic
driving force behind the nanorod distribution. For each NR geometry and set of wetting
conditions, we perform two calculations: one where a single, explicit nanorod is fixed at the
base of the cylinder with its most probable orientation (which is horizontal, or in the plane of
the film), and a second calculation where the explicit nanorod is fixed at its most probable
position with a vertical orientation. For both nanorod positions and orientations, we calculate
the average entropy per polymer chain60 and denote the difference in the entropy of the
diblocks between the vertical and horizontal orientations as ΔSvh = Sv − Sh, in units of kB per
chain. For the NRs with a radius of Rp = 0.35Rg and Lp = 2.7Rg, ΔSvh = −3.21 × 10−2. The
negative value indicates that the average entropy of the BCP chains is higher when the NR
has a horizontal orientation, suggesting that the vertical orientation is entropically
unfavorable. However, upon increasing the radius of the NR to Rp = 0.42Rg, ΔSvh becomes
positive and increases to 1.41 × 10−3, indicating that the transition from horizontally aligned
NRs to vertical NRs is at least partially driven by the entropy gained by the polymer chains.
We note that the magnitudes of the values are relatively small because the calculation
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averages over all of the chains in our system, including chains far away from the NR, and
that this neglects any entropic contributions from many-body nanorod interactions. A more
thorough exploration of the simulation system parameters will be published in a forthcoming
manuscript.

3.6 Conclusions
In this paper, we have investigated the dispersion and alignment of P2VP–AuNRs in
cylinder-forming PS-b-P2VP in 63 nm films. Upon chloroform solvent annealing of P2VP–
AuNR:PS-b-P2VP films, a hexagonally ordered vertical P2VP-cylinder morphology is
obtained where the P2VP domains are lower than the surrounding matrix. To detect the
AuNRs and follow the P2VP morphology through the film thickness, sequential UVO
etching is combined with AFM. In both topography and phase imaging, features appear after
etching that co-locate with the P2VP domains that are suggestive of the AuNRs. Because
P2VP etch rate is slower than that of PS, a height inversion is observed where the P2VP
domains become higher than the PS matrix. As etching time increases the height difference
also increases as well as the number of features suggestive of AuNRs. By taking advantage
of the height difference between the P2VP and PS domains, no iodine staining is required to
distinguish between the domains in TEM imaging of the solvent annealed or solvent
annealed and UVO etched samples. A majority of the AuNRs locate near the substrate in the
vicinity where the P2VP domain transitions from vertical to wetting the substrate.
Experimental observations are supported by complex Langevin field theoretic simulations
using material parameters that capture the experimental system, namely length and radius of
the AuNR, film thickness, and polymer/interface wetting. Our simulations suggest that both
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the substrate wetting and the nanorod geometry relative to the size of the polymer dictates
whether the NRs adopt a vertical orientation, and some of the driving force for the NRs to
adopt a vertical orientation comes from the entropy of the diblock polymers. The CL
simulations indicate the AuNRs locate near the substrate to relieve chain stretching of the
P2VP block near the junction. In addition to assisting with interpreting our experiments, our
simulation studies propose system parameters to guide future studies aimed at controlling the
alignment of NRs by changing either the nanorod geometry or the wetting properties of the
substrate.
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CHAPTER 4: Nanorod Position and Orientation
in Vertical Cylinder Block Copolymer Films

This chapter has been submitted for publication with the following authors: Boris Rasin,
Benjamin J. Lindsay, Xingchen Ye, Jeffrey S. Meth, Christopher B. Murray, Robert A.
Riggleman, and Russell J. Composto

4.1 Abstract
The self-assembly of gold nanorods (AuNRs) of different sizes with a block
copolymer (BCP) is studied. Polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) films
containing P2VP functionalized AuNRs are solvent annealed resulting in a BCP
morphology of vertical P2VP cylinders in a PS matrix. At the surface of the PS-b-P2VP
films long AuNRs are found in the bridging and vertical states. The bridging state is
where the long axis of the AuNR is parallel to the film surface, the AuNR is embedded in
the film, and each end of the AuNR is at the top of nearest neighbor P2VP cylinders. The
vertical state is where the AuNR is localized within a vertical P2VP cylinder, the AuNR
long axis is perpendicular to the film surface and the upper tip of the AuNR is at the film
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surface. Short AuNRs were found in the bridging and vertical states as well as in a state
not observed for the long AuNRs, the centered state. The centered state is where an
AuNR has its long axis parallel to the film surface, is embedded in the film, and is
centered over a vertical P2VP cylinder. Hybrid particle-field theory (HPFT) simulations
modeling the experimental system predict that for the long AuNRs only the bridging state
should be observed while for the short AuNRs only the bridging and centered states
should be observed. Possible explanations for why the vertical state is observed in
experiments despite being thermodynamically unfavorable in simulations are discussed.
HPFT simulations also show that when a nanorod is in the bridging state the two
cylinders it bridges remain intact and extend from the nanorod to the substrate. Further,
the minority block of the BCP is shown to wet the bottom of the bridging nanorod. The
bridging state is very promising for the future development of self-assembled nanoscale
devices.

4.2 Introduction
Nanoparticle-block copolymer (NP-BCP) self-assembly is a powerful approach
for controlling NP position and orientation in polymer nanocomposites (PNCs). Control
of NP position and orientation in PNCs allows the fabrication of PNC devices and the
engineering of PNC properties. For example, metal NPs could be positioned in PNCs to
form chains of non-touching metal NPs, resulting in metal NP plasmon waveguides.1
Thus, it is important to continue to improve our understanding of and to continue to
develop NP-BCP self-assembly.
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NP-BCP self-assembly is typically implemented by solvent annealing or thermal
annealing a PNC consisting of NPs and a BCP. The BCP self-assembles into a periodic
morphology; for example a linear diblock copolymer can self-assemble into a hexagonal
lattice of cylinders formed from one block in a matrix of the other block.2 The NPs
assume specific positions and orientations in the BCP morphology.3 For example, NPs
can be localized in the microdomains formed by one of the blocks or be located at the
interfaces between microdomains.4
Spherical NP-BCP self-assembly has been extensively studied.4-11 By comparison,
studies of nanorod-BCP self-assembly are an emerging area of research.12-22 In this work
we study the position and orientation of nanorods in vertical cylinder BCP films.
Nanocomposite films of polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) and P2VP
functionalized gold nanorods (AuNRs) were solvent annealed resulting in the PS-b-P2VP
assuming a morphology of vertical P2VP cylinders in a PS matrix. At the surface of films
prepared with long AuNRs, AuNRs were in the bridging and vertical states. The bridging
state is where the long axis of the AuNR is parallel to the film surface, the AuNR is
embedded in the film, and each end of the AuNR is at the top of nearest neighbor vertical
cylinders. The vertical state is where the long axis of the AuNR is perpendicular to the
film surface, the AuNR is localized in a vertical cylinder, and the upper tip of the AuNR
is at the film surface. At the surface of films prepared with shorter AuNRs, AuNRs were
found in the bridging, vertical, and centered states. The centered state is where the long
axis of the AuNR is parallel to the film surface, the AuNR is embedded in the film and
the AuNR is located on top of one vertical P2VP cylinder.
52

The free energy of the bridging, centered and vertical states as a function of
nanorod length was calculated with hybrid particle-field theory (HPFT) simulations. At
the surface of films containing the long AuNRs, the simulations predicted that only the
bridging state should be observed, whereas both the bridging and centered states were
predicted for shorter AuNRs. The simulations also predicted that the vertical state should
not be observed. HPFT simulations were also used to study the BCP morphology when a
nanorod is in the bridging state. The simulations showed that when an AuNR is in the
bridging state, the bridged vertical cylinders remain intact and there is a minority block
wetting layer underneath the AuNR.

4.3 Results and Discussion
Neat PS-b-P2VP Films with a Vertical Cylinder Morphology
Neat PS-b-P2VP films with a morphology of vertical P2VP cylinders in a PS
matrix were prepared via solvent annealing. The films were prepared following the
method of Yin et al.23 A diblock copolymer of PS(Mn = 180,000 g mol-1)-b-P2VP(Mn =
77,000 g mol-1) was spin-coated from chloroform on silicon wafers. The PS-b-P2VP
films had a thickness of 363 nm. Atomic force microscopy (AFM) topography images of
the as-spin-coated PS-b-P2VP films show a mixture of trenches and circular pits (Figure
A.1). To obtain a vertical cylinder morphology the films were solvent annealed in
chloroform. During solvent annealing the PS-b-P2VP film absorbs chloroform and
swells. The chloroform in the film reduces the BCP glass transition temperature which
increases the mobility of the BCP chains and allows the film structure to change.24-26
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To determine the optimum solvent annealing time that produces a vertical
cylinder morphology, films were solvent annealed from 7:30 (min:s) to 17:30. AFM
topography images of the surfaces after solvent annealing show that films annealed
between 13:45 and 16:15 have a surface topography of circular depressions forming a
hexagonal lattice (Figure A.2).
Films solvent annealed for 14:23 were further analyzed and later selected for the
polymer nanocomposite studies. AFM topography images of PS-b-P2VP films solvent
annealed for 14:23 show a hexagonal lattice of circular depressions as seen in Figure
4.1a. Figure 4.1b shows a line profile passing through the centers of the depressions in a
row of nearest neighbor depressions. The minima in the line profile correspond to the
bottoms of the depressions. The average depth of the depressions was 11.5 nm.
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Figure 4.1. Characterization of neat vertical cylinder PS-b-P2VP films prepared by
solvent annealing for 14:23. (a) AFM topography image. The lower (dark) circular
regions are the tops of P2VP cylinders. The scale bar is 200 nm. (b) Line profile from the
AFM image in (a) with the path of the line profile (dashed red line) relative to the tops of
the P2VP cylinders shown in a schematic. (c) Top-down SEM image. The film was
stained with iodine vapor causing the P2VP domains to appear brighter in the SEM
image. The scale bar is 100 nm. (d) SEM image of a film cross-section. This film was
also stained with iodine vapor prior to imaging. The scale bar is 500 nm.
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To complement AFM studies, scanning electron microscopy (SEM) was used to
characterize films solvent annealed for 14:23. Films were exposed to iodine vapor which
selectively stains P2VP domains which appear brighter than PS domains in SEM. Figure
4.1c, a top-down SEM image of a PS-b-P2VP film, shows circular features (light)
forming a hexagonal lattice surrounded by a continuous region (dark). The silicon
substrates supporting the films were cleaved to expose the film cross-section. Figure 4.1d
shows an SEM image of a film cross-section. Light stripes perpendicular to the film
surface extend from the surface nearly to the bottom of the film. These stripes are
regularly spaced and separated by darker regions. The white lines do not extend all the
way to the substrate because the interface generated from the cleaving process is not the
ideal flat vertical interface. The surface of the film, visible in the top half of Figure 4.1d,
is consistent with top-down SEM (Figure 4.1c) with brighter circles forming a hexagonal
lattice surrounded by a dark background.
From the top-down and cross-section SEM images we conclude that the
morphology of the PS-b-P2VP films solvent annealed for 14:23 is vertical P2VP
cylinders in a PS matrix with the vertical P2VP cylinders extending from the substrate to
the film surface. In the top-down view the light circular features forming a hexagonal
lattice are P2VP cylinders being viewed along their axis which is perpendicular to the
film surface and the dark surrounding background is the PS matrix. The light stripes in
the SEM cross-section are the vertical P2VP cylinders being viewed from the side. From
the top-down SEM images we determined the P2VP cylinder diameter to be 43 nm. The
center-to-center spacing between a cylinder and a nearest neighbor cylinder was 83 nm.
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With the morphology of the film elucidated from SEM, it is clear that the hexagonally
arranged depressions observed in AFM topography images are the tops of vertical P2VP
cylinders and the higher surrounding region is the PS matrix. Our hypothesis for why the
tops of the P2VP cylinders are 11.5 nm deep depressions is as follows. Elbs and Krausch
showed that when exposed to chloroform vapor P2VP films increase in thickness more
than PS films.27 Consequently, when our PS-b-P2VP films are solvent annealed in
chloroform the volume fraction of chloroform in the P2VP domains is greater than the
volume fraction of chloroform in the PS domains. As a result when the chloroform
evaporates the volume of the P2VP domains decreases more than the volume of the PS
domains resulting in the formation of basins at the top of the P2VP cylinders. All
nanocomposite films described in this study were solvent annealed for 14:23.
Position and Orientation of AuNRs in PS-b-P2VP Films with a Vertical Cylinder
Morphology
The position and orientation of AuNRs functionalized with P2VP in vertical
cylinder PS-b-P2VP films was studied. Nanocomposite films consisting of PS-b-P2VP
and AuNRs were prepared by spin-coating a solution of PS-b-P2VP and AuNRs grafted
with thiol-terminated P2VP(Mn = 2500 g mol-1) in chloroform on silicon wafers.
Nanocomposite films were prepared with AuNRs of two different sizes. One set of
nanocomposites was prepared with AuNRs with a length of 101 nm and a diameter of 16
nm. The other set of nanocomposites was prepared with AuNRs with a length of 70 nm
and a diameter of 12 nm. Both sets of nanocomposites had an AuNR weight fraction of
0.01 which corresponds to an AuNR volume fraction of 5.6 × 10-4. After spin-coating, the
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nanocomposite films were solvent annealed in chloroform for 14:23. We will denote the
solvent annealed PS-b-P2VP-(101 nm length by 16 nm diameter AuNR) nanocomposites
as PS-b-P2VP-AuNR101 and the solvent annealed PS-b-P2VP-(70 nm length by 12 nm
diameter AuNR) nanocomposites as PS-b-P2VP-AuNR70.
Position and Orientation of AuNRs in PS-b-P2VP-AuNR101 Films
AFM characterization was performed on PS-b-P2VP-AuNR101 films. As shown
in Figure 4.2a, the topography images of the surface show a similar structure as the neat
films (Figure 4.1a), namely a hexagonal lattice of circular depressions. This result
suggests that PS-b-P2VP-AuNR101 films have a morphology of vertical P2VP cylinders
in a PS matrix with the depressions at the surface corresponding to the tops of vertical
P2VP cylinders and the surrounding higher region corresponding to the PS matrix. We
found that the circular depressions on the surface had a depth of 7.8 nm which is
shallower than the value for the neat films, 11.5 nm. AuNRs are observed at the surface
of PS-b-P2VP-AuNR101 films in the AFM topography images (Figure 4.2a,b). We found
that 95% of AuNRs at the surface were in the "bridging state" shown in Figure 4.2b. The
bridging state is where the AuNR is embedded in the film, the AuNR long axis is parallel
to the film surface and one end of the AuNR is at the top of a given P2VP cylinder while
the other end is at the top of a P2VP cylinder that is a nearest neighbor of the given P2VP
cylinder. We found that 63% of AuNRs in the bridging state were not at a defect in the
hexagonal lattice. Our definition for an AuNR not at a defect in the hexagonal lattice is
given in the Methods. Figure 4.2b shows an AFM image of an AuNR in the bridging state
not at a defect in the hexagonal lattice, whereas Figure 4.3 shows an AFM image of an
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AuNR in the bridging state at a defect in the hexagonal lattice. The 5% of AuNRs at the
surface not in the bridging state were embedded in the film and their long axis was
parallel to the film surface. However, the lattice around these AuNRs was so defective
that we could not determine whether the AuNRs were bridging vertical cylinders or in a
different state.

Figure 4.2. AFM topography images of the surface of PS-b-P2VP-AuNR101 films. (a)
Large area AFM image showing three AuNRs in the bridging state. A circular feature can
also be observed at the top of some vertical cylinders. The scale bar is 200 nm. (b) AFM
image of an AuNR in the bridging state not at a defect in the vertical cylinder lattice. The
AuNR is the same AuNR as that in the top left corner of image (a). The scale bar is 100
nm. (c) AFM image of a circular feature colocalized with a vertical P2VP cylinder. The
scale bar is 100 nm.
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Figure 4.3. AFM topography image of an AuNR in the bridging state at a defect in the
vertical cylinder lattice. The scale bar is 100 nm.
The position and orientation of bridging AuNRs that are not at a defect in the
hexagonal lattice is analyzed in greater detail. From AFM images (e.g., Figure 4.2b), the
top of the AuNRs, defined as the midpoint of the line defined by the crest of the AuNR,
was on average 1.6 nm below the PS matrix. Figure 4.4 is a line profile along the crest of
a bridging AuNR not at a defect in the lattice which shows the relative heights of the top
of the AuNR (center of image) and the PS matrix (continuous phase). Further we
observed that the region immediately surrounding the AuNRs was 2.0 nm lower than the
top of the AuNRs. The AuNRs were almost completely parallel to the surface with an
average angle between the long axis of the AuNR and the surface of 0.9°. This can be
seen in the line profile in Figure 4.4. Like the bridging AuNRs not at a defect in the
hexagonal lattice the bridging AuNRs at defects in the hexagonal lattice were almost
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completely parallel to the surface. However, the top of these AuNRs varied from 1 nm
above the PS matrix to below the PS matrix.

Figure 4.4. Line profile from the AFM image in Figure 4.2b along the crest of the AuNR
in the bridging state not at a defect in the vertical cylinder lattice. The path of the line
profile is shown via a line on the AFM image at the top of the figure.
The AFM topography images of the surface of the PS-b-P2VP-AuNR101 films
also show that some vertical cylinders have a circular feature at their top as shown in
Figure 4.2c. One explanation is that the circular feature corresponds to a vertically
oriented AuNR localized within a P2VP cylinder and positioned with its upper tip at the
film surface. A second explanation is that a circular feature is a gold nanosphere localized
within a P2VP cylinder and positioned at the film surface. Gold nanospheres are present
in the PS-b-P2VP-AuNR101 films as they are a very minor product in AuNR synthesis.
Top-down SEM images of the PS-b-P2VP-AuNR101 films show that there are
AuNRs at the surface of the films and that the AuNRs are parallel to the surface of the
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films (Figure 4.5). These observations are consistent with AFM studies shown in Figure
4.2. Nanoparticles below the surface of a film appear blurry while those at the surface of
a film are sharp allowing us to determine whether a nanoparticle is at or below the
surface of a film. Circular features are also observed at the surface of the films matching
our observation of circular features colocalized with vertical P2VP cylinders in AFM
images. The SEM images show AuNRs that are not vertically oriented below the surface
of the films. This shows that there are AuNRs below the surface of the films that are not
localized within vertically oriented P2VP cylinders. Circular features are also observed
below the surface of the films. These features could be vertically oriented AuNRs or gold
nanospheres.
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Figure 4.5. Top-down SEM image of a PS-b-P2VP-AuNR101 film. The red arrow points
to a nanorod at the film surface that is parallel to the film surface. The blue arrow points
to a circular feature at the film surface. The scale bar is 1 µm.
We also examined the cross-sections of the PS-b-P2VP-AuNR101 films with
SEM (Figure 4.6). The SEM images show that at the surface of the films there are
vertical AuNRs with their tip at the surface of the film (blue arrows in Figure 4.6). The
SEM images also show AuNRs parallel to the surface of the films at the surface of the
films and circular features at the surface of the films. Our observation of a circular feature
at the top of some vertical cylinders in AFM suggests that the vertical AuNRs at the
surface of the film are localized within a vertical P2VP cylinder. The observation of
AuNRs parallel to the film surface at the film surface matches our AFM and top-down
SEM results. Circular features observed at the film surface could be either gold
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nanospheres or AuNRs being viewed end-on. AuNRs are also observed in the films.
AuNRs in the films have many different orientations showing that AuNRs in the films are
not localized within vertical P2VP cylinders. Circular features are observed in the films
which could be either gold nanospheres or AuNRs being viewed end-on.

Figure 4.6. SEM image of the cross-section of a PS-b-P2VP-AuNR101 film. The blue
arrows point to vertically oriented AuNRs with their tip at the surface of the film. The
scale bar is 1 µm.
Position and Orientation of AuNRs in PS-b-P2VP-AuNR70 Films
The surfaces of PS-b-P2VP-AuNR70 nanocomposite films were characterized
with AFM. As shown in Figure 4.7a, AFM topography images of the film surface show
the same hexagonal lattice of circular depressions observed in the AFM topography
images of the neat films (Figure 4.1a). This result suggests that the nanocomposite films
have a morphology of vertical P2VP cylinders in a PS matrix. The depressions are the
tops of vertical P2VP cylinders and the surrounding region is the PS matrix. The depth of
the circular depressions at the surface of the PS-b-P2VP-AuNR70 nanocomposite films
was 9.6 nm which was less than the depth of the circular depressions at the surface of
neat vertical cylinder films.
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Figure 4.7. AFM topography images of the surface of PS-b-P2VP-AuNR70 films. (a)
Large area AFM image showing AuNRs in the bridging and centered states. The image
also shows a circular feature at the top of some vertical cylinders. The scale bar is 400
nm. (b) AFM image of an AuNR in the bridging state not at a defect in the vertical
cylinder lattice. The scale bar is 100 nm. (c) AFM image of multiple AuNRs in the
bridging state. The same AuNRs can be observed at the top middle of (a). The scale bar is
100 nm. (d) AFM image of an AuNR in the centered state not at a defect in the vertical
cylinder lattice. The scale bar is 100 nm. (e) AFM image of a circular feature colocalized
with a vertical P2VP cylinder. The scale bar is 100 nm.
As seen in Figure 4.7a, AFM topography images show AuNRs at the surface of
the PS-b-P2VP-AuNR70 films. AuNRs in the bridging state are observed as shown in
Figures 4.7a-c. AuNRs are also observed in the "centered state", which can be seen in
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Figures 4.7a,d. The centered state is where an AuNR is positioned over a single P2VP
cylinder, embedded in the film, and the long axis of the AuNR is parallel to the surface of
the film. We found that 75% of AuNRs were in the bridging state and that 22% of
AuNRs were in the centered state. Of the bridging AuNRs, 80% were not at a defect in
the lattice and 77% of the centered AuNRs were not at a defect in the lattice. The
definitions for bridging and centered AuNRs not at a defect in the lattice are given in the
Methods. The 3% of AuNRs not in the centered or bridging states are embedded in the
film surface and parallel to the film surface, however, the lattice around the AuNRs had
so many defects that it could not be determined whether they were in a bridging,
centered, or other state.
We analyzed AuNRs in the bridging state not at a defect in the lattice. The top of
these AuNRs, measuring from the midpoint of the line defined by the crest of the AuNR,
was on average 1.7 nm below the PS matrix. The average angle of the AuNRs long axis
relative to the surface of the film was 2.3°, showing that the AuNRs were parallel to the
film surface. Further, we found the region around the AuNRs to be on average 1.5 nm
below the top of the AuNRs. Like the AuNRs in the bridging state not at a defect in the
lattice, the AuNRs in the bridging state at a defect in the lattice were parallel to the film
surface and had their tops below the film surface.
AuNRs in the centered state not at a defect in the lattice were analyzed. The
AuNRs top, measuring from the midpoint of the line defined by the crest of the AuNR,
was on average 0.6 nm below the PS matrix. The top of the AuNRs was essentially level
with the PS matrix. The AuNRs were parallel to the film surface with an average angle of
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1.8° between the long axis of the AuNRs and the surface of the film. AuNRs in the
centered state at a defect in the lattice also had their tops level with the PS matrix and
their long axis was parallel to the film surface.
The AFM images of the PS-b-P2VP-AuNR70 films also show that some vertical
P2VP cylinders have a circular feature located at their top (Figure 4.7e). This was also
observed for the PS-b-P2VP-AuNR101 films. As for the PS-b-P2VP-AuNR101 films,
possible explanations for the circular features are that they are the end of a vertically
oriented AuNR localized within a vertical P2VP cylinder or that they are a spherical
nanoparticle localized within a vertical P2VP cylinder.
The PS-b-P2VP-AuNR70 films were further characterized with SEM. Top-down
SEM images show that there are AuNRs at the surface of the films and these AuNRs are
parallel to the surface of the film (Figure 4.8). Top-down SEM images also show circular
features at the surface. The presence of parallel AuNRs and circular features at the
surface matches our AFM results. Top-down SEM images also show that there are
nanorods below the film surface that are not vertically oriented and that there are circular
features below the film surface. The presence of nanorods below the film surface that are
not vertically oriented indicates that there are nanorods below the film surface that are not
localized within vertical P2VP cylinders. The circular features below the film surface
could either be gold nanospheres or vertically oriented AuNRs.
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Figure 4.8. Top-down SEM image of a PS-b-P2VP-AuNR70 film. The red arrow points
to a nanorod at the film surface that is parallel to the film surface. The blue arrow points
to a circular feature at the film surface. The scale bar is 1 µm.
SEM images of the film cross-sections show vertically oriented AuNRs in the
films with their top end at the film surface (blue arrow in Figure 4.9). In our AFM images
we observed that some vertical cylinders had a circular feature at their top. Thus, we can
conclude that the vertical AuNRs with their top end at the film surface are localized in
vertical P2VP cylinders. AuNRs parallel to the film surface are also observed at the film
surface in cross-sectional SEM images in agreement with our AFM results. In addition,
circular features are observed at the film surface. These features could be attributed to an
AuNR viewed end-on or a gold nanosphere. The cross-section SEM images show that
inside the films AuNRs have many different orientations suggesting that these AuNRs are
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not localized in vertical P2VP cylinders. Also observed inside the films are circular
features which could be attributed to AuNRs being viewed end-on or gold nanospheres.

Figure 4.9. SEM image of the cross-section of a PS-b-P2VP-AuNR70 film. The blue
arrow points to a vertically oriented AuNR with its tip at the surface of the film. The
scale bar is 1 µm.
Hybrid Particle-Field Theory Simulations
AFM and SEM results showed that AuNRs at the surface of PS-b-P2VPAuNR101 films are either bridging or vertical while AuNRs at the surface of PS-b-P2VPAuNR70 films are either bridging, centered or vertical. To understand how AuNRs
distribute between the bridging, centered and vertical states in the PS-b-P2VP-AuNR101
and PS-b-P2VP-AuNR70 films, HPFT simulations were performed. In the simulations a
single nanorod was placed into a vertical cylinder diblock copolymer film representative
of experimental films in either the bridging state, the centered state, or the vertical state
and the free energy of the system was calculated. For each state, the free energy of the
system was calculated as a function of nanorod length relative to the center-to-center
distance between P2VP domains.
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For the simulated neat diblock copolymer film, the vertical cylinders had a
nearest-neighbor center-to-center distance rctc of 5.09 Rg and a diameter of 2.85 Rg, where
Rg is the ideal radius of gyration of the diblock copolymer. The thickness of the HPFT
simulation film was 9 Rg, which is sufficiently thick for the interfaces to not interact. For
comparison in our experimental system the center-to-center distance between nearestneighbor vertical cylinders was 6.03 Rg,exp, the cylinder diameter was 3.12 Rg,exp, and the
film thickness was 26.36 Rg,exp where Rg,exp is the radius of gyration of PS(Mn = 180,000 g
mol-1)-b-P2VP(Mn = 77,000 g mol-1). Assuming Gaussian chain statistics with equal
statistical segments sizes for both blocks, we calculate Rg,exp = 13.8 nm using bexp = 0.68
nm.28 The difference in parameters in the calculations and the experiments is due to the
difference in χ values expected in the experiments and employed in the simulations,
which leads to a larger domain spacing relative to the neat polymer Rg.
Since in the experiments the AuNRs are densely functionalized with short P2VP
ligands, in our HPFT simulations we model the nanorod as though it has the same
chemistry as the minority block of the copolymer, resulting in an athermal nanorodmonomer interaction with the cylinder-forming block. The simulations were performed
with a nanorod of 1 Rg diameter as this diameter is representative of the diameters of the
AuNRs used in experiments (12 nm and 16 nm). In the experimental system in terms of
Rg,exp the diameter of the 12 nm diameter AuNRs was 0.87 Rg,exp and the diameter of the
16 nm diameter AuNRs was 1.16 Rg,exp. For the bridging, centered, and vertical states,
Figure 4.10 shows the system free energy, ∆F, as a function of nanorod length, LNR,
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normalized by rctc. The free energy ∆F in kBT is taken relative to the free energy of a
vertical nanorod with a diameter and length of 1 Rg and 2 Rg, respectively.

Figure 4.10. Free energy for nanorods of diameter 1 Rg in the bridging, centered, and
vertical states as a function of nanorod length. The nanorod length, LNR, is normalized by
the vertical cylinder nearest-neighbor center-to-center distance, rctc. The free energy is
taken relative to the free energy of a nanorod of diameter 1 Rg and length 2 Rg in the
vertical state. The free energies for PS-b-P2VP-AuNR70 and PS-b-P2VP-AuNR101
films are denoted by vertical dashed lines.
The HPFT simulation predictions can be compared with the two experimental
systems. For the PS-b-P2VP-AuNR101 experimental system LNR/rctc = 1.22 (right
vertical dashed line in Figure 4.10). At this LNR/rctc Figure 4.10 shows that the bridging
state is thermodynamically favored, while the centered state is less favorable and the
vertical state is even more unfavorable. Using the Boltzmann distribution and
interpolated values of ∆F at LNR/rctc = 1.22 to estimate relative populations, HPFT
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simulations predict that virtually all AuNRs should be in the bridging state, with
negligible centered and vertical fractions of 8.7  10-17 and 2.9  10-89. Comparing the
HPFT simulations with the experimental horizontal states, only the bridging state is
observed in PS-b-P2VP-AuNR101 films consistent with HPFT simulations. However,
whereas HPFT simulations predict that the vertical state is unfavorable, experiments (i.e.,
AFM and SEM) show that there are AuNRs in the vertical state in PS-b-P2VP-AuNR101
films. This could be due to fluctuation effects that are neglected in the HPFT simulation
calculations, or it could be a result of the solvent annealing processing used to generate
the experimental systems.
For PS-b-P2VP-AuNR70 films LNR/rctc = 0.84 (left vertical dashed line in Figure
4.10). At LNR/rctc = 0.84 Figure 4.10 shows that the bridging state is slightly more favored
than the centered state and the vertical state is the least thermodynamically favored state.
Using the Boltzmann distribution and ∆F at LNR/rctc = 0.84 to estimate relative
populations, we expect a non-negligible fraction of centered nanorods, where the ratio of
bridging to centered nanorods is about 12:1. The vertical state is again expected to be
negligible with a vertical fraction of about 1.3  10-48. In PS-b-P2VP-AuNR70 films,
AuNRs are observed in the bridging, the centered and the vertical state with the ratio of
the bridging to centered states being 3.5:1. It is important to note that this ratio is the ratio
of bridging rods away from defects to centered rods away from defects as previously
discussed. The simulation results trend in a similar direction with the experiments in that
the centered state is more preferable for the shorter nanorods than for the longer ones.
However, the results are not in quantitative agreement with the experiments.
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In addition to the results with a nanorod diameter of 1 Rg (Figure 4.10), HPFT
simulations were used to calculate the free energy for thicker nanorods, with diameters of
1.5 Rg and 2 Rg as shown in Figures A.8b and c, respectively. Briefly, we find that the
range of LNR/rctc where bridging is favored grows with increasing diameter, and the range
where centered is favored decreases.
There are several possible explanations for the differences between experiments
and HPFT simulation predictions. First, nanocomposite films were processed via solvent
annealing where the BCP and the AuNRs co-assemble during swelling and solvent
evaporation. As a result, AuNRs in the dry film may be kinetically trapped in
thermodynamically unfavorable or metastable states.29 Due to the mean-field nature of
the calculations, these kinetic effects are not represented in the simulations. Second, the
simulations do not explicitly model the grafted polymers, and therefore these calculations
would not capture any entropy associated with the grafted polymers that may be
important. Finally, the experimental χN parameter is larger than those used in the
simulations and we have assumed equal interactions (surface energy) of both blocks with
the top surface.
Simulations were also used to reveal the morphology of the BCP when a nanorod
is in the bridging state. Figures 4.11a,b show the 3D field configuration and a 2D slice
along the length of the nanorod for a nanorod in the bridging state with diameter and
length of 1 Rg and 6 Rg. These nanorod dimensions approximately correspond to the 101
nm length by 16 nm diameter AuNRs in the PS-b-P2VP-AuNR101 films. Both
representations show that minority blocks wet the underside of the bridging nanorod
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resulting in the two bridged vertical cylinders becoming connected into one arch shaped
domain. The vertical cylinders forming each "column" of the arch remain intact.
Characterization of the wetting layer is not experimentally accessible, emphasizing the
importance of using HPFT simulations to interpret experimental results. In summary,
HPFT simulations reveal that when an AuNR bridges two vertical cylinders that the
domains remain intact below the surface and a wetting layer is formed beneath the
nanorod.

Figure 4.11. For a nanorod of diameter 1 Rg and length 6 Rg in the bridging state (a)
shows the isosurface (red) of 0.5 local volume fraction of block A and (b) shows the local
A block volume fraction in a 2D slice along the length of the nanorod. The A block is the
cylinder forming block.
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4.4 Conclusions
The ability to control the position and orientation of nanorods at the surface of
self-assembled vertical block copolymer cylinder-nanorod nanocomposites is
demonstrated. The longer nanorods either bridge vertical cylinders at the surface or are
localized within vertical cylinders with their tip at the film surface. In addition to the two
states assumed by the longer nanorods, shorter nanorods assume a state where they are
centered at the top of one vertical cylinder. HPFT simulations provided the relative free
energies of the three states as a function of nanorod length and provided insight into the
polymer morphology when a nanorod was in the bridging state. The bridging state
observed in this work has many potential applications in self-assembled nanoscale
devices. Further, to our knowledge this work demonstrates the first example of
controlling nanoparticle position and orientation in a BCP via the bridging of two
domains separated by a third domain. This is a promising approach for developing new
devices and materials with desired properties.

4.5 Methods
Synthesis of 101 nm Length by 16 nm Diameter AuNRs. The AuNRs were synthesized
according to Ye et al.30 The AuNRs were imaged with transmission electron microscopy
(TEM) (JEOL JSM-7500F Field Emission Scanning Electron Microscope, Transmission
Electron Detector) and the nanorod dimensions were determined from the TEM images
(Figure A.4). The AuNRs were also characterized with UV-vis-NIR spectroscopy (Figure
A.5) (Varian Cary 5000 UV-Vis-NIR Spectrophotometer).
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Preparation and Characterization of Neat Vertical Cylinder PS-b-P2VP Films. Neat
vertical cylinder PS-b-P2VP films were prepared following Yin et al.23 A 2 wt % PS(Mn
= 180,000 g mol-1)-b-P2VP(Mn = 77,000 g mol-1)(PDI = 1.09) (Polymer Source. Inc.)
solution in chloroform was prepared and spin-coated on silicon wafers at 2000 rpm for 30
s. The resulting film was characterized with tapping mode AFM (Bruker Dimension
Icon). The silicon wafer was then placed on a stand in a glass jar with the stand
surrounded by a pool of chloroform. The jar was firmly sealed with its lid and the film
was left to solvent anneal for the desired time. Subsequently, the lid of the jar was
removed and the wafer piece removed. Films were solvent annealed for 7:30, 10:00,
11:15, 12:30, 13:45, 14:23, 15:00, 16:15, 17:30 where the first number in the format x:y
is minutes and the second number is seconds. The solvent annealed films were
characterized with AFM in tapping mode.
Films solvent annealed for 14:23 were imaged with SEM. For SEM imaging
solvent annealed films were stained with iodine. A film was stained with iodine by
placing it in a jar with iodine, sealing the jar, and placing the jar in an oven at 50 °C for 3
hours. The films were imaged top-down with SEM (JEOL JSM-7500F Field Emission
Scanning Electron Microscope) using the Low Angle Backscatter (LABe) detector. The
wafers supporting the iodine stained films were also cleaved in two and the film crosssections were imaged with SEM using the LABe detector.
Preparation and Characterization of PS-b-P2VP-AuNR101 and PS-b-P2VPAuNR70 Nanocomposite Films. PS-b-P2VP-AuNR101 and PS-b-P2VP-AuNR70
nanocomposite films were prepared and characterized the same way except PS-b-P2VP76

AuNR101 nanocomposite films were prepared with the synthesized 101 nm length by 16
nm diameter AuNRs while PS-b-P2VP-AuNR70 nanocomposite films were prepared
with 70 nm length by 12 nm diameter AuNRs purchased from nanoComposix, Inc.
(surface: sodium citrate).
Nanocomposite films were prepared as follows. A solution of AuNRs in water
was centrifuged at 9289g for 30 minutes (Eppendorf Centrifuge 5804). The supernatant
was removed and the concentrated AuNRs at the bottom of the centrifuge tube were
added to a 10 ml solution of P2VP-SH (Mn = 2500 g mol-1, PDI = 1.16) (Polymer Source.
Inc.) in N,N-dimethylformamide (DMF) while the solution was stirring. The solution was
then stirred overnight. The solution was subsequently centrifuged at 9289g for 30
minutes and the supernatant removed. 10 ml of DMF was then added to the centrifuge
tube and the AuNRs were resuspended. The solution was then transferred to a new
centrifuge tube and centrifuged at 9289g for 30 minutes. The supernatant was removed
and 10 ml of DMF was added. The AuNRs were resuspended and the solution was
transferred to a new centrifuge tube. The solution was then centrifuged at 9289g for 30
minutes and the supernatant was removed. The concentrated AuNRs at the bottom of the
centrifuge tube were then added to a stirring 1 ml 2 wt % PS(Mn = 180,000 g mol-1)-bP2VP(Mn = 77,000 g mol-1)(PDI = 1.09) in chloroform solution and the solution was
stirred for 2 hours. The solution was subsequently spin-coated on silicon wafers at 2000
rpm for 30 s. The films were solvent annealed in chloroform for 14 minutes 23 seconds in
an identical fashion to the neat films. The surfaces of the solvent annealed films were
characterized with AFM in tapping mode. The solvent annealed films were also
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characterized with SEM top-down using the LABe detector. The films' cross-sections
were imaged with SEM using the LABe detector by cleaving the wafers supporting the
films in half.
Definition of an AuNR Away From Defects in the Vertical Cylinder Lattice. For an
AuNR in the bridging state we define the AuNR as away from defects in the vertical
cylinder lattice as follows. Given a perfect hexagonal lattice of vertical cylinders with an
AuNR in the bridging state we take the two vertical cylinders being bridged by the AuNR
and which are colored red in Figure A6. We then take the nearest neighbor cylinders of
the two red cylinders, which are colored green in Figure A6. Finally, we take the nearest
neighbor cylinders of the green cylinders, which are colored blue in Figure A6. For an
experimentally observed AuNR in the bridging state if the vertical cylinder lattice around
the AuNR does not deviate substantially from the perfect hexagonal lattice in the region
of the lattice corresponding to the green and blue cylinders, the AuNR is away from
defects in the lattice.
For an AuNR in the centered state we defined it as away from defects in the
vertical cylinder lattice as follows. Given a perfect hexagonal lattice of vertical cylinders
with an AuNR in the centered state we take the vertical cylinder into the top of which the
AuNR is embedded, colored red in Figure A.7. We then take the nearest neighbor
cylinders of the red cylinder, which are colored green in Figure A.7. Then we take the
nearest neighbor cylinders of the green cylinders, which are colored blue in Figure A.7.
For an experimentally observed AuNR in the centered state if the vertical cylinder lattice
around the AuNR does not deviate substantially from the perfect hexagonal lattice in the
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region of the lattice corresponding to the green and blue cylinders, the AuNR is away
from defects in the lattice.
Hybrid Particle-Field Theory Simulations. HPFT is a framework developed by Sides
et al.31 in which particles are treated as fixed cavity functions and mean-field polymer
distributions are calculated around them. Our mean-field HPFT simulations consisted of
an A-B diblock copolymer and an explicit nanorod confined between two neutral surfaces
in a weakly compressible system. The diblock chain was modeled as a discrete Gaussian
chain of length N = 60 segments and was biased by an initial field configuration to form
vertical cylinders. The nanorod was modeled as a fixed, bare, A-like particle. The
enthalpic repulsion between A and B segments was set to χN = 30. Polymer free energy
differences between different states (particle diameter, length, and orientation) was
calculated from differences in the effective Hamiltonian. More complete details of the
model parameters and equations are given in the Supporting Information.

4.6 Material in Appendix A
AFM images of neat as-spin-coated PS-b-P2VP films; AFM images of neat PS-bP2VP films solvent annealed for various lengths of time; TEM image of the 101 nm
length by 16 nm diameter AuNRs; UV-vis-NIR spectrum of the 101 nm length by 16 nm
diameter AuNRs; diagram for identifying that a bridging AuNR is not at a defect in the
hexagonal lattice; diagram for identifying that a centered AuNR is not at a defect in the
hexagonal lattice; HPFT simulation results for 1.5 Rg and 2 Rg diameter nanorods;
additional model details
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CHAPTER 5: Conclusions and Future Work
5.1 Conclusions
In this thesis the position and orientation of nanorods in vertical cylinder block
copolymer (BCP) films is studied. The specific system investigated is films of cylinder
forming polystyrene-block-poly(2-vinylpyridine) (PS-b-P2VP) and P2VP functionalized
gold nanorods (AuNRs). When the system is solvent annealed the BCP assumes a
morphology of vertical P2VP cylinders in a PS matrix.
When very short AuNRs are utilized, the AuNRs are found to localize in vertical
cylinders near the substrate and are oriented parallel to the substrate. Simulations of this
system show that the AuNRs localize at the base of the vertical cylinders to alleviate
chain stretching. Simulations also showed that if the AuNR length was increased, the
AuNRs would orient vertically inside the vertical P2VP cylinders.
When much longer 70 nm AuNRs were used in much thicker films, the AuNRs
were distributed between three states at the surface of the films. The AuNRs were found
in the bridging, centered and vertical states. The bridging state is where the AuNR is
embedded in the film, its long axis is parallel to the film surface and each end of the
AuNR is at the top of nearest neighbor vertical cylinders. The centered state is where the
AuNR is embedded in the film surface, its long axis is parallel to the film surface and the
AuNR is centered over one P2VP cylinder. The vertical state is where the AuNR is
localized within a vertical P2VP cylinder, the AuNR is vertically oriented, and the tip of
83

the AuNR is at the film surface. When even longer 101 nm AuNRs are used the AuNRs
are only found in the bridging and vertical states at the surface of the film. For both the
70 nm long AuNRs and the 101 nm long AuNRs, inside the film, away from the surface,
the AuNRs are not found to assume a particular position or orientation. HPFT simulations
were used to calculate the system free energy for the bridging, centered and vertical states
as nanorod length was varied. The experimental distribution of nanorods between the
bridging, centered and vertical states was compared to the distribution predicted by the
HPFT simulations. HPFT simulations were also used to understand the BCP morphology
when a 101 nm long AuNR was in the bridging state.
The studies in this thesis increase our understanding of anisotropic nanoparticleblock copolymer self-assembly. This will allow for better control over nanoparticle
position and orientation in polymer nanocomposites and thus materials with improved
properties.

5.2 Future Work
Bridging via Deposition of AuNRs on the Film Surface
Our studies with 101 nm long AuNRs show that while the AuNRs are distributed
between the bridging and vertical states at the film surface, in the film the AuNRs have
no particular orientation. From an engineering perspective we are not controlling the
position and orientation of these nanorods. Thus, it would be desirable to obtain the
bridging and vertical states at the surface of the film without having the AuNRs inside the
film. A potential approach to do this is to deposit P2VP functionalized AuNRs onto the
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surface of a PS-b-P2VP film that has not yet been solvent annealed. Subsequently, the
film is solvent annealed and the goal is for the AuNRs at the surface to assume either the
bridging or vertical states. Experiments have been conducted for this study.
16 nm diameter and 101 nm long AuNRs were functionalized with P2VP thiol.
These P2VP functionalized AuNRs were in chloroform. A small dish was filled with
water. The solution of AuNRs in chloroform was gently added dropwise onto the surface
of the water in the dish. The AuNRs formed a layer on the water surface. A neat PS-bP2VP film was dipped vertically in and out of the water resulting in the AuNRs being
deposited onto the PS-b-P2VP film surface. The AuNRs formed 2D islands on the PS-bP2VP film surface (Figure 5.1). We did not proceed with solvent annealing these
nanocomposite films as for our proposed study individually dispersed AuNRs on the film
surface are desirable.
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Figure 5.1. SEM image of a PS-b-P2VP film with P2VP functionalized AuNRs
deposited on the film surface.
We also attempted to deposit P2VP functionalized AuNRs on PS-b-P2VP films
with PDMS stamping. 101 nm long by 16 nm diameter AuNRs functionalized with P2VP
were deposited from chloroform onto flat PDMS stamps. The stamps were allowed to dry
and PS-b-P2VP films were stamped. We found that very few AuNRs transferred from the
stamps to the PS-b-P2VP film surface.
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Self-Assembly with Thin Nanorods
In our studies we do not obtain a nanocomposite structure where the nanorods are
exclusively localized within vertical P2VP cylinders and are vertically oriented. A
hypothesis for why this does not occur for the 70 nm long and 101 nm long AuNRs is
that they are too thick. Incorporating these AuNRs into a cylinder causes to much of a
conformational entropy penalty. Thus, it is hypothesized that if thinner nanorods were
used, the conformational entropy penalty would be lower, and the nanorods would
localize within the vertical P2VP cylinders with a vertical orientation.
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APPENDIX A
a

b

4 nm

-4 nm
400 nm

100 nm

Figure A.1. AFM topography images of neat as-spin-coated PS-b-P2VP films. (a) shows
a 4 µm by 4 µm AFM topography image and (b) shows a 1 µm by 1 µm AFM
topography image.
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Figure A.2. AFM topography images of neat PS-b-P2VP films solvent annealed in
chloroform for various lengths of time. Above each AFM image the length of time the
film in the image was solvent annealed is indicated in the format minutes:seconds.
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Figure A.4. TEM image of the 101 nm length by 16 nm diameter gold nanorods.
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Figure A.5. UV-vis-NIR spectrum of the 101 nm length by 16 nm diameter gold
nanorods in water.
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Figure A.6. Diagram for identifying whether a gold nanorod in the bridging state is at a
defect in the hexagonal lattice or is not at a defect in the hexagonal lattice.
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Figure A.7. Diagram for identifying whether a gold nanorod in the centered state is at a
defect in the hexagonal lattice or is not at a defect in the hexagonal lattice.
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MODEL DETAILS
Thin cylindrical AB-diblock copolymer nanocomposite ﬁlms were modeled with a modiﬁed
version of the Hybrid Particle-Field Theory method developed by Sides and coworkers.1 The primary modiﬁcations are that nanorods are modeled with an anisotropic function2 , surfaces are included as cavity functions to simulate the conﬁnement seen in a thin ﬁlm3,4 , and polymer segment
mass is distributed by a Gaussian smearing function2–4 with standard deviation of 0.2 Rg , where
Rg is the ideal radius of gyration of the diblock copolymer. The diblock copolymer chains are
represented as discrete Gaussian chains with N = NA + NB segments, where the statistical segment
sizes and monomer volumes of the two blocks are assumed to be identical.
The discrete Gaussian polymer chain connectivity is modeled using the harmonic bonding potential



nD N−1 3 r

βU0 = ∑
i

∑
j

i, j − ri, j+1
2b2

2


(1)

where nD is the number of diblock chains and b is the statistical size of a polymer segment. Density
deviations away from the bulk density, ρ0 , are penalized using a Helfand compressibility potential,
given by
βU1 =

κ
2ρ0



dr [ρ̂+ (r) − ρ0 ]2

(2)

where ρ̂+ = ρ̂DA + ρ̂DB + ρ̂NR + ρ̂W is the spatially varying total density and κ controls the strength
of the density ﬂuctuations. In the limit κ → ∞, the strictly incompressible model is recovered. ρ̂DA ,
ρ̂DB , ρ̂NR , and ρ̂W are the microscopic densities of the A-block of the diblock chain, B-block of the
diblock chain, nanorods, and conﬁning surface, respectively. The nanorods are treated as having
A-like chemistry and are described by the anisotropic function




ρ0
|u × (r − rc )| − RNR
|u · (r − rc )| − LNR /2
erfc
ρ̂NR (r) = erfc
4
ξNR
ξNR

(3)

where u is the unit vector pointing in the long direction of the nanorod, rc is the position of the
nanorod center, LNR is the nanorod length, RNR is the nanorod radius, and ξNR is the length scale
deﬁning the distance over which the nanorod density drops from ρ0 to 0. The conﬁning surface is
a soft wall of thickness TW on the bottom and top of the simulation box, and is neutral to both A
and B chemistries. It is described by the function


ρ0
min(rz , Lz − rz ) − TW
ρ̂W (r) = erfc
2
ξW
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(4)

where rz is the z-component of r, Lz is the box size in the z-dimension, and ξW is the length scale
over which the surface drops from a density of ρ0 to a density of 0. A and B components are
assumed to interact through a purely repulsive, Flory-like contact potential given by
χ
ρ0

βU2 =



dr [ρ̂DA (r) + ρ̂NR (r)] ρ̂DB (r)

(5)

where the Flory parameter χ quantiﬁes the magnitude of incompatibility between A and B components.
We assume that the mass of each polymer segment maintains a Gaussian distribution about its
center, such that ρ̂K (r), the microscopic density of polymer segment type K, is given by
ρ̂K (r) =



dr h(r − r )ρ̂K,c (r ) = (h ∗ ρ̂K,c )(r)

(6)

where ρ̂K,c (r) is the distribution of polymer segment centers given by
nK NK

ρ̂K,c (r) = ∑ ∑ δ (r − ri, j ),
i

(7)

j

h(r) is the Gaussian smearing function given by
3/2

2
2
1
h(r) =
e−|r| /2a
2πa2

(8)

where a is the smearing length scale (0.2 Rg in this work), and the last expression in Equation 6
introduces our shorthand notation for a convolution integral.
By employing a standard Hubbard-Stratonovich particle-to-ﬁeld transformation, we arrive at a
partition function
Z = z1



D{w}eH [{w}]

(9)

where z1 is a numerical prefactor containing the thermal de Broglie wavelengths and normalization
constants from the Gaussian functional integrals used to decouple the particle interactions, and H
is the effective Hamiltonian given by



ρ0
H [{w}] =
dr w+ (r)2 − iρ0 drw+ (r) − drwA (r)ρ̂NR
2κ 

ρ0
(+)
(−)
+
dr wAB (r)2 + wAB (r)2 − nD ln QD [μA , μB ]
χ
(+)

(10)

(−)

Here, {w} represents the set of chemical potential ﬁelds wAB (r), wAB (r), and w+ (r); μA and μB
are deﬁned by μK = (h ∗ wK )(r) where
(+)

− wAB ,

(+)

+ wAB ,

wA = i w+ + wAB
wB = i w+ + wAB
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(−)
(−)

(11)
(12)

QD is the partition functions for a single diblock chain. QD is calculated iteratively from the chain
propagator q( j, r),
1
V

QD [μA , μB ] =



dr q(P, r)

(13)

with the chain propagator constructed using a Chapman-Kolmogorov equation
q( j + 1, r) = e−μK (r)



dr Φ(r − r )q( j, r)

(14)

where K is either A or B depending on the type of segment j + 1 and Φ(r − r ) is the normalized
bond transition probability.
The set of mean-ﬁeld equations describing this system can be written as
∂H
=0
∂ wK
(+)

(15)

(−)

where wK represents any ﬁeld w+ , wAB , or wAB . To compute mean-ﬁeld solutions, we evolve the
ﬁelds according to


∂ wK (r)
∂t




= −λK

∂H
∂ wK (r)


(16)

where λK is the relaxation coefﬁcient for ﬁeld wK and t is a ﬁctitious time. We use a ﬁrst-order
semi-implicit scheme5 to numerically evolve the ﬁelds. For each free energy calculation, the
vertical distance between the nanorod and the surface played a signiﬁcant role in the resulting free
energy since the interfaces are “soft”, in that the surfaces of each are essentially a smoothed step
function. In order to prevent this effect from dominating the free energy, the vertical position of
the rod relative to the surface was chosen to minimize the free energy using Brent’s method in
each simulation. Figure S8 shows the free energy calculations for all 3 nanorod sizes tested.
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Figure A.8. Mean-field free energy differences for nanorods in different configurations as a function
of nanorod length for nanorods of diameter a) 1.0 Rg, b) 1.5 Rg, and c) 2.0 Rg. The nanorod length in
the x-axis is normalized by the cylindrical domain nearest neighbor center-to-center distance, rctc. Free
energy differences in each plot are calculated relative to the free energy of a rod of the same diameter in the
vertical configuration with a length of 2 Rg, the shortest length in each case. The positions of the 101x16
nm and 70x12 nm rods used in experiments are marked in a) to show roughly where the experimental
nanorod sizes fit into these calculations.
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